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ESEARCH STUDIES in colloidal carbon 

have shown that rubber reinforcement 
is directly related to the development of in- 
creased surface in the carbon particles and 
that there is a very strong bond between 
the particles and the rubber matrix. From 
this one might be tempted to conclude that 
the single requirement for further advance- 
ment of the reinforcement of rubber by 
means of colloidal carbon is to increase the 
specific surface or, in other words, to 
diminish the particle size of the black. 


It has been recognized for many years 
that increased reinforcement can be at- 
tained through the use of specialized 
grades of Micronex which show a distinctly 
finer state of subdivision. However, when 
fineness is carried to an extreme, compen- 
sating drawbacks begin to appear. 


Finer carbon blacks require a greater ex- 
penditure of energy to bring about their 
dispersion in rubber. This means longer 
milling time, which if carried to excess 
causes disaggregation of the rubber phase 
and therefore defeats its own purpose. On 
the other hand, the easier dispersing and 
processing of coarser carbon blacks is off- 
set by reduced reinforcement and poorer 
road wear. 


In view of these conditions it is notable 
that Standard Micronex meets completely 
so many carefully worded specifications of 
broad scope, differing widely in the nature 
of testing procedures. 


COLUMBIAN CARBON CO. « BINNEY & SMITH CO. 


MANUFACTURER DISTRIBUTOR 
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RUBBER CHEMISTRY AND TECHNOLOGY 


RusBerR CHEMISTRY AND TECHNOLOGY is published quarterly under the super- 
vision of the Editor representing the Division of Rubber Chemistry of the Ameri- 
can Chemical Society. The object of the publication is to render available in con- 
venient form under one cover all important and permanently valuable papers on 
fundamental research, technical developments, and chemical engineering problems 
relating to rubber or its allied substances. 

RuspBeR CHEMISTRY AND TECHNOLOGY may be obtained in one of three ways: 

(1) Any member of the American Chemical Society may become a member of 
the Division of Rubber Chemistry by payment of the dues ($2.50 per year) 
to the Division and thus receive RuBBER CHEMISTRY AND TECHNOLOGY. 

(2) Any one who is not a member of the American Chemical Society may 
become an Associate Member of the Division of Rubber Chemistry upon payment 
of $5.00 per year to the Treasurer of the Division of Rubber Chemistry, and thus 
receive RuBBER CHEMISTRY AND TECHNOLOGY. 

(3) Companies and libraries may subscribe to RuBBeR CHEMISTRY AND TECH- 
NoLoGY at a subscription price of $5.00 per year. 

To these charges of $2.50 and $5.00, respectively, per year, postage of $.20 
per year must be added for subscribers in Canada, and $.50 per year for those 
in all other countries not United States possessions. 

All applications for regular or for associate membership in the Division of Rub- 
ber Chemistry with the privilege of receiving this publication, all correspondence 
about subscriptions, back numbers, changes of address, missing numbers, and 
all other information or questions should be directed to the Treasurer of the 
Division of Rubber Chemistry, C. W. Christensen, Monsanto Chemical Company, 
1012 Second National Building, Akron, Ohio, or to the Office of Publication, 1500 
Greenmount Ave., Baltimore, Maryland. 

Articles, including translations and their illustrations, may be reprinted if due 
credit is given RuBBER CHEMISTRY AND TECHNOLOGY. 





ONT NET SRETEN ST ONT 





OAT SRETED Sern IRN 





THE DIVISION OF RUBBER CHEMISTRY OF THE 
AMERICAN CHEMICAL SOCIETY 


OFFICERS AND EXECUTIVE COMMITTEE 


Chairman....R. H. Gerke, General Laboratories, United States Rubber Co., 

Passaic, N. J. 
Vice-Chairman...... J. N. Srreet, Firestone Tire and Rubber Co., Akron, Ohio 
IN ainsdvki skatan eens H. I. Cramer, University of Akron, Akron, Ohio 
i a C. W. CurIsTENSEN, Monsanto Chemical Co., Akron, Ohio 
I iii Fa EEK ERERER RAI ON KK REO ERR ESR ORE XT HS C. P. Hau 
iditor of Rubber Chemistry and Technology.........00.. cece eeees C. C. Davis 
Advertising Manager of Rubber Chemistry and Technology........ 8S. G. Byam 
ee E. B. Curtis, WaLrer Juve, O. M. Haypen, B. R. Sriver, 


F. S. Matm 


NEW BOOKS AND OTHER PUBLICATIONS 


Hicu PotymMers. Volume I. Collected Papers of Wallace Hume Carothers on 
High Polymeric Substances. Edited by H. Mark and G. Stafford Whitby. Pub- 
lished by Interscience Publishers, Inc., 215 Fourth Ave., New York, N. Y. 1940. 
Cloth, 6 by 9 inches, 478 pages. Subject and author indexes. Price $8.50. 


The chemistry of high polymers has rightfully earned for itself a place alone— 
as a distinct science. Recognizing this fact, a series of monographs on the chem- 
istry, physics, and technology of high polymeric substances has been initiated. 
The primary intention is to cover the most significant studies in this field in such 
a manner that this new branch of chemistry will be firmly anchored in the 
fundamentals of chemical science. 

In publishing as Volume I the papers of Carothers, no more fitting way could 
have been conceived for starting this series. Carothers’ work in this field is 
classical in that it embraces the first broad attempt at a systematic and compre- 
hensive study of polymerization. The volume is divided into three parts. “Studies 
on Polymerization and Ring Formation”, az: Part One is called, deals essentially 
with the mechanism of condensation polymerization and condensation products 
such as polyamides, polyesters, and polyanhydrides. This group of 28 papers, 
in addition to contributing to our basic knowledge of polymerization, includes 
studies which led to the industrial development of the polyamide fiber known 
as Nylon. 

Part Two, “Acetylene Polymers and Their Derivatives”, contains a series of 22 
papers of fundamental importance in the field of polymers produced by the 
self-addition of conjugated systems, particularly of the butadienoid type. Special 
treatment is given to the influence of substitution on the polymerization of such 
systems and the chemical behavior of conjugated systems containing both an 
ethylenic and acetylenic linkage. Of outstanding industrial importance in this 
series is the discovery of the synthetic rubber Neoprene. 

Part Three, “Miscellaneous Papers”, comprises a group of four miscellaneous 
papers, embracing chiefly some of the more general aspects of polymerization. 
The book contains a biography of Carothers by Roger Adams, and concludes 
with a bibliography of Carothers’ publications and patents pertinent to this field. 
[From the India Rubber World. | 
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PuysicaL Curemistry oF High PotymMeric Systems. H. Mark. Published 
by Interscience Publishers, Inc., 215 Fourth Ave., New York, N. Y. 1940. 
Cloth, 6 by 9 inches, 345 pages. Author and subject indexes Price $6.50. 


In the second volume of this series, the results of studies which deal primarily 
with the relation between the structure and properties of the high polymers are 
correlated and analyzed. Pointing out in his preface that much of the work in 
this field has been based on empirical relationships, the author shows how the 
fundamental laws of physical chemistry can be developed and extended to fit 
into the science of high polymers. 

The seven main sections of the book, with some of the more important sub- 
divisions indicated in parentheses, are as follows: The Geometry of Molecules 
(structure determination with x- and cathode-rays, behavior in electrical field, 
and optical behavior); The Internal Motions of Molecules (methods of de- 
termination and results, such as moments of inertia, nuclear distances, dissociation 
energies, natural vibrations, group frequencies, internal molecular potential, free 
rotation, cis-transisomerism); Primary and Secondary Valences (formation of 
molecule aggregates, molecular association, and intermolecular forces); Crystal 
Structure, Lattice Forces and Chemical Structure of the Unit Cell (classification 
from the aspect of forces and from the aspect of symmetry); Molecular Arrange- 
ment in Liquids and the Investigation of Very Minute Crystals ((scattering of 
x-rays in liquids, determination of size and form with x-rays, observations on 
mesophases or crystalline liquids); The Behavior of Mixtures (investigation of 
high polymeric substances in solution, formation of binary mixtures, lowering 
of vapor pressure in binary mixtures, osmotic phenomena, and viscosity); and 
Kinetic Phenomena in High Polymer Chemistry (phenomena of diffusion and 
the mechanism of formation and degradation of long-chain molecules). [From 
the India Rubber World.] 


EXPERIMENTS IN CoL_Loip CHEMistrY. Ernst A. Hauser and J. Edward Lynn. 
Published by McGraw-Hill Book Co., Inc., 330 W. 42nd St., New York, N. Y. 
1940. Cloth, 6 by 9 inches, 190 pages. Subject and name indexes. Price $2. 


In their preface the authors point out the growing interest in the science of 
colloids and the lack of general lecture or laboratory experiments in colloid 
chemistry, a deficiency which they attribute to the general belief that most 
experiments in this field are either too complicated or too expensive for the 
average educational institution. This view, not held by the authors, is adequately 
disproved by this series of experiments, the bulk of which are relatively simple 
and inexpensive to perform. While designed primarily for use in laboratory 
courses on the subject, the manual contains a number of experiments suitable for 
lecture demonstrations. Industrial laboratories, initiating programs of colloidal 
research, should also find the book helpful as a reference on laboratory technique. 

The manual, comprising a total of 214 experiments, is divided into several 
chapters which cover the various colloidal phenomena: dialysis, electrokinetics, 
surface phenomena, coagulation and dissolution, protection and sensitization, 
optics, gelation, emulsification, viscosity, and particle size. Chapters are also 
devoted to the preparation of colloidal systems and to experiments of historical 
interest. Because of the authors’ belief that rubber latex and crude rubber are 
ideal materials for demonstrating colloidal properties, they have included a 
separate chapter of 18 experiments involving these substances. [From the 
India Rubber World. | 
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BritisH STANDARD Metuops or TESTING VULCANIZED Russer. (B.S. No. 903.) 
Published by British Standards Institution, 28 Victoria St., London, 8.W.1, 
England. June, 1940. Price 5s. net, 5s. 4d. post free. 78 pages. 


The first edition of this standard combines under one cover all approved test 
methods which relate to the chemical and physical testing of vulcanized rubber 
as practiced in England. The methods presented are based on those of the 
Research Association of British Rubber Manufacturers, as published in “Rubber 
Physical and Chemical Properties”. Explanation of terms involved in the chem- 
ical and physical tests and directions for sample preparation precede detailed 
instructions for 16 chemical and 22 physical tests. Tests for resilience, abrasion 
resistance, compression set, and ply adhesions are omitted, but are under con- 
sideration for incorporation in a future edition. [From the India Rubber World.] 


HANpDBOOK FOR CHEMICAL Patents. Edward Thomas. Published by Chemical 
Publishing Co., Inc., 148 Lafayette St., New York City. 54x 814 in. 270 pp. $4.00. 


In the belief that patent law, which deals with the rights of inventors, should 
be presented in a simple and interesting guise so that most people can grasp the 
important principles and that the typical chemist needed a brief book which 
would show him where the problems facing the chemical inventor lie and how 
those problems may be met, Edward Thomas authored the book, “The Law of 
Chemical Patents”, which was published two years ago. That book summarized 
patent law up to the middle of 1937. 

But many changes have come into patent law in the last few years, partly 
through 800 citations of new decisions pertinent to chemical patents, and partly 
through amendments to the Patent Statute. To present the effect of these 
changes, both in statute and in attitudes of the courts, the present book sum- 
marizes the law presented in the earlier book, referring to the pages of that 
book for details and for citations of cases, and also presents the new phases of 
patent law in more detail. Thus, as the author points out in his preface, the 
present book is both a handbook for the general reader interested in chemical 
progress and a supplement to the earlier book to enable attorneys and others to 
locate rapidly and pertinent new cases on chemical inventions decided in the 
last two and one-half years. 

The book is comprised of 23 chapters, and includes a Table of Cases, a Table 
of Citations of Law of Chemical Patents (from the earlier book), and a Subject 
Index. Several references to specific patents pertaining to rubber and the rubber 
industry are made. [From The Rubber Age of New York.] 


A.S.T.M. STanparps oN TexTILE MareriAts. October, 1940, American Society 
for Testing Materials, 260 8. Broad St., Philadelphia, Pa. Price $2. 380 pages. 


This annual compilation covers 65 specifications relating to quality, tolerances, 
test procedures and equipment, and definitions developed by the A.S.T.M. 
through the work of its Committee D-13 on various textile materials. In addi- 
tion to standards on asbestos, glass, jute, rayon, and wool, 12 standards are 
classified as general and 22 standards refer to cotton, among which several 
are of interest to the rubber industry. Of the four proposed methods, one is on 
the Test for Accelerated Aging of Textiles, and another deals with Calculating 
Number of Tests for Average Quality. The book also includes comprehensive 
abstracts of three papers presented at the March, 1940, meeting of Committee 
D-13, of which none appear to be related to textiles for rubber. Photomicro- 
graphs of textile fibers, tabular data, and a glossary of terms are included. 


[From the India Rubber World.] 
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AS.T.M. Sranparps oN ELectricaL INSULATING Marertats. November, 1940. 
Prepared by Committee D-9. Published by American Society for Testing 
Materials, 260 S. Broad St., Philadelphia, Pa. Price $2. 344 pages. 


This 1940-41 edition includes all standards believed of importance in making 
tests on insulating materials, together with the current report of Committee D-9 
and its personnel. The standards, classified in groups, and the number in each 
group follow: insulating varnishes, paints, lacquers, and their products—7; 
moulded insulating materials—7; plates, tubes, and rods—7; mineral oils—2; 
ceramic products—3; solid filling and treating compounds—1; electrical tests—6; 
insulating paper—1; mica products—3; textile materials—9; rubber products—5. 
The standards on rubber products cover specifications for: friction tape for 
electrical purposes; rubber insulating tape; gloves for electrical workers, and 
matting and blankets (proposed draft) for use around electrical apparatus or 
circuits not exceeding 3,000 volts to ground. The rubber standards are all under 
the jurisdiction of Committee D-11 on Rubber Products. [From the Jndia 


Rubber World.] 








OxyGEN PressurE Mernuop ror ACCELERATED AGING Tests or RuBBER Com- 
POUNDS. Bulletin of Research. June, 1940. Underwriters’ Laboratories, Inc., 
207 E. Ohio St., Chicago, Ill. 16 pages. 


This bulletin is based on a paper, by E. N. Davis, presented December, 1939, 
before the Flexible Cord Section, National Electrical Manufacturers’ Association. 
It describes the apparatus and operations employed by Underwriters’ Labora- 
tories, Inc., for accelerated aging tests of rubber by the oxygen pressure (bomb) 
method, particularly as these tests relate to insulation. Refinements and exten- 
sions in the method are described. [From the India Rubber World. | 


CHEMICAL ProcessING EquipMENT. Bulletin No. 353. The J. H. Day Co., 
Cincinnati, O. 16 pages. 


This illustrated bulletin presents the firm’s equipment designed to meet in- 
dustry’s needs of mixing, masticating, and sifting. The machines shown include: 
the Mogul experimental kneader and mixer with interchangeable agitators to 
secure different types of mixing or masticating action; midget three-roll mill; 
pot mill; pony mixer; Gyro, Turbo, and Jumbo mixers; Ro-Ball gyrating 
screen; and various other types of mixing equipment for large-scale production 
or laboratory work. Among the machines designed for special purposes are a 
- foam rubber mixer with wooden agitators, and two rubber cement mixers, one 
of which utilizes four sets of stationary blades and two sets of rotating blades. 
The close clearance between blades is said to provide a rapid shearing action on 
the rubber pieces. [From the India Rubber World.] 


CHEMICAL ENGINEERING CataLoc. Twenty-fifth Annual Edition, 1940. Pub- 
lished by Reinhold Publishing Corp., 330 W. 42nd St., New York, N. Y. Cloth, 
84 by 11 inches, 1097 pages. Indexed. 


The latest edition of this standard reference work for the process industries 
follows the lines of previous editions. The products of several hundred firms 
manufacturing equipment and supplies for chemical and related industries 
including rubber are catalogued. In addition to covering equipment, supplies, 
industrial chemicals, and raw materials, the book includes sections on: laboratory 
and reagent chemicals; technical and scientific books; and various charts, tables, 
and monographs. [From the Jndia Rubber World. | 
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InpustryY’s CHALLENGE TO REsEARCH. Bert H. White, vice president, Liberty 
Bank of Buffalo, Buffalo, N. Y. 48 pages. 


This is a check list of industrial wants that need to be filled today, and is 
based on 1,042 answers, received from America’s industrial leaders, to the 
question, “What new product, process, or material might industrial research 
develop that would be valuable to your industry?” The survey, conducted by 
The Research Advisory Service, contains a number of items checked as most 
urgent from the standpoint of national defense. The items are arranged and 
classified according to industry. Under the heading, Rubber, there are 12 items, 
concerning: synthetic rubber, rubber in highway construction, powdered rubber, 
rubber flooring, tires for road building equipment, reclaiming and reénforcers. 
Other sections deal with problems that relate to rubber or that might be solved 
by the rubber technologist. Copies will be supplied to manufacturers who make 
their request on their letterhead, as long as the supply lasts. [From the Jndia 
Rubber World.] 


AUTOMOBILE Facts AND Figures. Twenty-second edition, 1940. Automobile 
Manufacturers Association, Detroit, Mich. 96 pages. 


This automotive review for the year 1939 covers production, registration, sales, 
employment, highways, taxes, and use. Included is a detailed inventory of 
street and road systems, presented in figures and maps from the U. 8S. Public 
Roads Administration. According to the report, the automobile was responsible 
for the consumption of 473,600 long tons of rubber, or 80 % of the total con- 
sumed in this country during 1939. [From the India Rubber World.] 


HANpDBOOK oF CHEMISTRY AND Puysics. Twenty-fourth Edition, 1940. Charles 
D. Hodgman, Editor-in-Chief, and H. N. Holmes, Associate Editor. Published by 
Chemical Rubber Publishing Co., Cleveland, O. Fabrikoid, 43 by 74 inches, 2581 
pages. Indexed. Price $3.50. 


Several important innovations distinguish the latest edition of this standard 
reference work for chemists and physicists. Despite an addition of 342 pages, 
the price has been reduced from $6 to $3.50 this year. The major changes and 
additions are to be found in the section on organic chemistry, where the table 
covering the physical constants of organic compounds has been changed from 
paragraph form to the much handier tabular arrangement. Containing over 300 
new compounds, the total number of entries in this table is now well over 9,000. 
An entirely new feature in this edition is a 65-page table covering physical 
constants, trade names, and source of supply of over 400 extensively used 
industrial organic compounds. 

The section on commercial plastics has been completely revised to keep pace 
with developments in this industry; while other revisions and additions have 
been made throughout this new edition to bring the data in harmony with the 
results of recent research. [from the Jndia Rubber World. | 


A New Dictionary or CHEemistry. Edited by Stephan Miall. Published by 
Longmans, Green & Co., Inc., 55 Fifth Ave., New York, N. Y. 1940. Cloth, 6 by 
9 inches, 590 pages. Price $15. 


In compiling a work of this type within the space of a single moderate-sized 
volume, the editor and his colleages have undertaken a formidable task in the 
evalution and selection of material for inclusion. The intent has been not to 
supplant the more extensive and generally bulky chemical dictionaries already 
in existence, but rather to supplement these by presenting in handy and concise 


vll 








form brief explanations of chemical terms, together with short accounts of many 
chemical substances, chemical operations, etc., with the view of including as 
much recent information as possible. Although readers in certain fields may 
find the volume wanting in specialized details, the volume as a whole is well 
compiled and adequate enough to meet many of the requirements of a wide 
group of technical workers. The editor indicates that future editions that will 
rectify any important omissions noted in the current work will be forthcoming. 
[From the India Rubber World.] 
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FRACTIONATION OF RUBBER * 


GeorGcE F. BLooMFIELD and Ernest HAROLD FARMER 


Rubber which has been freed from its principal nonhydrocarbon impurities 
can be separated, by the solvent action of petroleum ether or ethyl ether, into 
soluble and insoluble fractions which are commonly known as sol and gel rubber, 
respectively. The former is almost nitrogen-free and contains mere traces of 
oxygen and of ash, whereas the latter has considerable nitrogen and ash contents. 
At first sight the undoubted heterogeneity of rubber hydrocarbon, as it stands 
revealed by the marked gradations in dissolution capacity and in precipitability 
from solution, might well be considered to spring from the presence in the 
rubber of a series of polymer-homologs extending over a wide range of chain 
length; and if this were a complete description of the heterogeneity, the boundary 
between the fractions which are respectively soluble and insoluble in a specific 
solvent at its boiling point might be expected to show some reasonable degree 
of constancy. But the variation in the boundary between sol rubber and gel 
rubber was early shown by Stevens! to be no narrow one, as with persistence in 
extraction the percentage yield of ether-dissolved sol fraction could be increased 
indefinitely at the expense of the gel fraction. Later it was shown by Smith and 
Saylor? that the factor responsible for the variation in the position of the sol-gel 
boundary is in all probability the access of traces of oxygen to the extraction 
apparatus, which serves to bring about degradation of the insoluble rubber 
molecules. 

As the fractionation of rubber hydrocarbon, whether by fractional dissolution, 
by fractional precipitation from solution, or by sedimentation, depends on the 
rubber being brought into solution or effectively dispersed in a medium, the 
suggested facile degradation promoted by small amounts of oxygen is a matter 
of great practical importance, and represents a contingency to be most strictly 
guarded against. There is a second degradative possibility which has been sug- 
gested from time to time as applicable to gel rubber and also to certain other 
very high-molecular substances, viz., that a “disaggregation”—possibly amounting 
to scission of the individual molecules—is promoted by mechanical agitation, 
e.g., by stirring or shaking, and results in dissolution of the material in the 
solvent medium. Thomas, Zimmer, Turner, Rosen and Frolich? suggest that 
the reduction of molecular weight which high molecular polybutenes appear 
to undergo when they are subjected to violent shaking in contact with a solvent 
is due to chain scission rather than to change in the degree of colloidal dispersion. 
The experimental evidence for the latter type of degradation and the thermo- 
dynamic soundness of the chain-scission interpretation are both somewhat un- 
certain, but the important point is that degradation either by oxidation or 
mechanical disturbance may represent a serious and perplexing complication 
in the fractionation process. Apart from these complications, however, the basic 
fractionation problem is to all appearances principally one of resolving the 
polymer-homologous series of polisoprenes composing rubber into groups of 
isomers of about the same chain length; but, of course, there is the possibility 
that some small proportion of the rubber hydrocarbon differs in constitution 
from the rest. 





* Reprinted from the Transactions of the Institution of the Rubber Industry, Vol. 16, No. 2, pages 
69-86, August 1940. 





2 RUBBER CHEMISTRY AND TECHNOLOGY 


Whether in the structure of rubber there is ever any departure from the 
standard polyisoprene framework, such as might be occasioned by the presence 
of diene or acetylenic units, affecting either a few of the basic units in a con- 
siderable number of the rubber chains or alternatively all the units in a few 
of the chains, remains still to be determined; but existing evidence in respect 
of the degree of unsaturation, the ratio of carbon to hydrogen, and the extent 
to which degradation by ozonolysis yields laevulic aldehyde, or acid, suggests 
that, if there is any departure at all, it is not an extensive one. The question, 
however, as to whether any of the hydrocarbon molecules of rubber are modified 
by the presence of hetero-atoms, appearing either as substituents or intercala- 
tions in the polyisoprene chains, seemed at the outset of this work to have been 
answered directly in the affirmative in the case of oxygen, for Midgley, Henne, 
Shepard and Renoll* reported that samples of sol rubber which they had isolated 
by a fractional precipitation procedure, and analyzed with great precision, 
contained from 0.02 to 0.04 per cent of combined oxygen, apparently hydroxylic. 
Late in the course of the present work, however, Kemp and Peters®, following 
the earlier indication of Smith and Saylor?, published evidence which indicates 
that gel rubber becomes transformed into sol rubber by the action of small 
amounts of oxygen, and suggested that the latter is an oxidation product of 
the former and should be represented by the formula (C,;H,),0O.. This finding 
in no way affects the present results, as a technique involving the most rigid 
exclusion of oxygen has been adopted throughout the experiments. Not only is 
sol rubber suspected of containing oxygenated groups or oxygen links, but gel 
rubber also has been thought by Meyer and Ferri® to contain points of oxidation 
in the chain, these presumably being points at which oxidation has already 
occurred. The basis of this conclusion is the fact that dissolution of gel rubber 
in hydrocarbon solvents is powerfully promoted by small amounts of certain 
polar nonsolvents, such as the lower alcohols, a behavior which is surprising to 
find in a substance of purely hydrocarbon character. Meyer and Ferri’s deduc- 
tion concerning the presence of points of oxidation may well be incorrect, but 
the solubility-promoting influence of polar nonsolvents, recently observed in 
connection with gel rubber by Kemp and Peters, is of considerable interest and 
significance and is referred to later. 


FRACTIONATION PROCEDURES 


By the progressive precipitation of crepe rubber from mixtures of benzene 
and alcohol Midgley, Henne and Renoll’ separated a group of materials varying 
from a soft white material at the soluble end to a yellow horn-like substance 
possessing little elasticity at the other extreme. Furthermore, they concluded 
from observation of the standard precipitation points of the fractions, i.e., the 
specific temperatures at which the solutions formed by dissolving a given weight 
of the various fractions in a given mixture of solvent and precipitant developed 
turbidity, that crepe rubber consists of (1) a soluble portion comprising more 
than 20 per cent of the specimen taken, (2) a single soluble component present 
in excess of 50 per cent of the total, and (3) an insoluble portion amounting to 
less than 20 per cent of the whole. It is strange, however, that in this work no 
attempt was made to isolate the highly soluble material which throughout the 
operation remained dissolved in the mother liquors. 

The present authors have sought to carry further the fractionation of rubber 
hydrocarbon by employing a procedure of direct fractional dissolution. In 
choosing this method of attack several considerations have been taken into 
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account. Advantages have been claimed in the literature for a diffusion method 
of separating sol from gel rubber on the principle that if the solid hydrocarbon 
is steeped in a suitable medium, such as petroleum ether or ethyl ether, the 
smaller molecules will diffuse into the medium preferentially to the larger ones. 
The method has recently been applied with striking results to the fractional 
dissolution of the sol fraction of rubber by Kemp and Peters’, the rubber in this 
case being allowed to diffuse into commercial n-hexane for controlled periods 
of time up to the limit of its solubility. If it were legitimate to assume that the 
amount of material diffusing in a given time is strictly a function of the molecular 
size, the meihod would offer an excellent means of fractionating the diffusible 
part of rubber and, indeed, Kemp and Peters’ successive fractions are re- 
ported to show a steady increase of molecular weight, as measured by the 
viscosity method. Actually, however, no such strict relationship has been sub- 
stantiated, and there seems on the contrary every likelihood that an extract: 
taken over even a short period of time would contain in addition to the most 
soluble material some material of lesser solubility. Similar objections apply to a 
direct fractional precipitation procedure, where the first effect of a precipitant 
on being added to a solution of polymer homologs is probably to cause the 
formation of clusters of molecules of all sizes which tend to precipitate en bloc, 
thereby ruining the fractionation. A more hopeful procedure seemed to us to 
employ a fractional dissolution method, using a mixed solvent. The authors are 
indebted to Dr. G. Gee for helpful suggestions in this respect. 

From mathematical considerations Broénsted® predicted an enormous de- 
pendence of solubility on the composition of a mixed solvent in the case. of 
substances of high molecular weight. Thus in effect if one takes a mixture of 
two liquids A and B, of which A is a good solvent for a particular high polymer 
and B is a nonsolvent, then mixtures of A and B containing more than a critical 
concentration C, of A will be good solvents, whereas mixtures containing less 
than C4 will not be solvents at all; thus there will be a sharp discontinuity in 
the solubility-concentration law of the mixture. On the B-side of C, extensive 
swelling may occur, but no dissolution. These striking discontinuities, however, 
will be less marked with ordinary polymers as these usually comprise a series 
of polymer-homologs and cover a range of molecular weights. Schultz?® has 
further developed Bronsted’s equation, and has shown that if X is the proportion 
of precipitant in a mixture of solvent and precipitant, then: 


X=a+ ts 


where P is the degree of polymerization. This equation has been shown to agree 
well with certain data published by Staudinger and Heuer" for the precipitation 
of polystyrene solutions. Furthermore, from Schultz’s data the limiting solu- 
bility, c, and hence the maximum amount which can dissolve, in grams per liter 
of a particular polystyrene of chain length P in a mixture of benzene and methyl 
alcohol containing y per cent of methyl alcohol, is given by: 

P - ‘ 

log c=3.8 — (0.465y—9.75) 

RT ‘ 
and on this basis the degree of separation of the different components of a not 
very complex polystyrene mixture (say, one containing six components of 
molecular weights ranging between 200 and 3000) which could be expected if 
the latter were treated with successive quantities of benzene-methyl alcohol 
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mixtures of diminishing methyl alcohol content is extremely good, although 
close control of the alcohol content would be necessary to separate the higher 
polymers. In practice, of course, the polymer would almost certainly show a 
continuous distribution of components over the whole molecular weight range, 
which would tend to make the separation worse, although not greatly so. More 
serious, however, is the above-mentioned probable tendency of clusters of 
molecules to precipitate en bloc, but such behavior should be less important in 
the case of a dissolution process and, for this reason, it seems preferable to 
fractionate by dissolution rather than by precipitation. None the less, the 
tendency of the molecules to behave as clusters may be a limiting factor in 
the degree of separation obtainable. To avoid this as far as possible, it would 
seem to be desirable to allow long times of contact between polymer and solvent 
and to work at as high a temperature as is convenient. Temperature control 
will be needed, but great precision does not appear to be necessary, although, 
as Bronsted has shown, there is a critical solution temperature for any given 
solvent and polymer. Another factor neglected in the above treatment is the 
retention of solvent, and solution, by the swelled polymer. This effect can clearly 
be minimized, either by two successive extractions with the same solvent, or 
by using a high ratio of solvent to polymer. The calculations suggest that the 
latter ratio has little effect on the separation achieved, but it seems certain that 
in practice a high ratio will lead to a more ideal behavior and consequently better 
separation. 


CHOICE OF SOLVENTS 


A considerable range of liquids has been examined with regard to suitability 
for the fractionation of rubber, including single liquids to be used as extractants 
over a range of temperature, and pairs of liquids, solvent and precipitant, to 
be used in combination at a constant temperature. The members of certain 
homologous series'?, among which the alkyl acetates and the lower dialkyl 
ketones may be especially mentioned, were found to possess interesting solvent 
properties'*, but the results which appeared most promising were obtained with 
a pair of unrelated liquids, namely, petroleum ether and acetone. 

Fractionation of rubber with petroleum-acetone presents certain difficulties, 
especially (1) that a considerable time is required to establish equilibrium be- 
tween solvent and solute, so rendering necessary several successive extractions 
with each solvent mixture, (2) that mixed solvents cannot, except under special 
circumstances, be used in a constant extractor, and (3) that mixtures of 
petroleum ether and acetone do not satisfactorily dissolve the highest fraction 
of rubber, although under certain circumstances, as appears below, dispersion 
of the highest fraction together with lower fractions may occur in the mixed 
solvent. Nevertheless, the employment of petroleum ether and acetone in ad- 
mixture permits dissolution of rubber hydrocarbon over a wide range of con- 
centrations, and the results given by this combination using a constant tempera- 
ture of extraction (20° C) are described below. The efficiency as a fractionating 
agent of petroleum-acetone or of other pairs of solvents, when employed over a 
range of temperature instead of over a range of solvent concentrations, has not 
been examined. 

The crepe rubber employed was part of a specially imported consignment 
from Malaya and, except where otherwise stated, was thoroughly extracted with 
acetone before use to remove nonrubber substances, the operation being con- 
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ducted in a darkened room, with rigid exclusion of oxygen. The latex employed 
was, except in the one instance of centrifuged latex, of known history and 
specially imported for the work. 


FRACTIONAL DISSOLUTION OF CREPE RUBBER 


When petroleum-acetone mixtures rich in acetone were employed, there 
passed into solution only traces of nonrubber substances which had escaped 
removal in the preliminary acetone-extraction; later, as the petroleum content 
of the solvent was gradually increased to around 50 per cent by volume, a 
yellowish soft and tacky rubberlike substance was extracted, which contained 
oxygen. This is referred to as the “Oxide” Fraction. Dissolution of rubber 
continued progressively as the petroleum content of the solvent mixture was 
raised, but no large proportion dissolved until the petroleum content approached 
60 per cent, at which point a cut was made. The material so obtained is called 
the “Low” Fraction. Then when the petroleum concentration slightly exceeded 
60 per cent, the dissolution capacity of the solvent mixture suddenly became 
extremely sensitive to increases in the petroleum content and, without any 
break the whole of the remaining rubber passed into solution, yielding thereby 
a viscous liquid. 

This dispersion of the bulk of the rubber in the mixed solvent just above the 
60 per cent petroleum point was completed over so small a range of solvent 
composition that it was impossible by making cuts in the extract at narrowly 
spaced intervals of solvent composition to obtain any fractionation of the 
rubber. Also, curiously enough, no such sudden dispersion of the bulk of the 
material in the solvent was encountered in the case of latex-rubber (see below). 
It seemed unlikely that more than 80 per cent of the rubber hydrocarbon was 
sufficiently homogeneous to have a uniform solubility; on the contrary, it 
seemed more than likely that the least soluble portions of rubber owed their 
dispersion to the*rather high concentration of normally dissolved rubber in the 
extract, assisted possibly by the physical character of the highly viscous solution. 
It seemed desirable, therefore, in order to exercise the true solvent action of the 
petroleum-acetone, to increase considerably the ratio of solvent mixture to 
rubber for this stage of the fractionation, and to avoid temporarily all mechanical 
agitation. In practice the ratio of mixed solvent to rubber was doubled, and 
mechanical agitation suspended, while successive and not too prolonged extrac- 
tions by mixtures containing between 60 per cent and 62 per cent of petroleum 
were made. By this procedure about 70 per cent of the rubber always dissolved 
(“Intermediate” Fraction), leaving a residue amounting to 12 per cent of the 
total which did not dissolve even on agitation in a mixture of 62 volumes of 
petroleum and 48 of acetone. This most insoluble portion (“High” Fraction) 
of rubber has been resolved into further sub-fractions by increasing the 
petroleum content of the solvent in five successive stages up to 85 per cent. 
Ultimately there was left only 1.8 per cent of material which could not be 
brought into solution. The details of the fractions are shown in Table I. The 
molecular weight data which appear below have been determined for the 
authors by Dr. Gee by the viscosity method, in the application of which a 
revised constant has been used. Details of the derivation of this constant, now 
in process of publication, have been communicated privately. The values in 
parenthesis are those calculated on the basis of the usual Staudinger and Bondy 
constant for rubber. 
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TABLE I 


DISTRIBUTION OF CrEPE RuBBER FRACTIONS 
Mol. wt. of crepe rubber 344,000 (126,000) 





petroleum- Yield of 
acetone extracted 
mixture material 
(by vol.) (per cent) Fraction Mol. wt. of fraction 
48/52-52/48 5 ; . i) Oxi 
48/5 AS 1.5 ae ee (i) Oxide way on 
“Oxide” 1 Gi) Hydrocart 2) 
Site so (ii) Hydrocarbon(? 
2 60,000 (22,000) 
52/48-60/40 15.0 No.2. “Low” 216,000 (79,000) 


fraction 
No. 3. “Inter- 
mediate” 
fraction 


60/40-62.5/37.5 70.0 (ca.) 324,000 (119,000) 


64/36 2.84 | 
65/35 1.80 
67/33 0.92 +12.30 No.4. “High” Undetermined 
75/25 144 | fraction 
85/15 5.30 
— 18 Insoluble 
residue 


FRACTIONAL DISSOLUTION OF LATEX RUBBER 


The course of fractionation at 20° C of rubber derived by coagulation of 
purified latex of low nitrogen content differed considerably from that of crepe 
rubber. An almost insignificant amount of material was extracted at 20° C by 
50-50 petroleum-acetone, 1.5 per cent by a 55-45 mixture, and 10.8 per cent by 
a 60-40 mixture. With a solvent containing just over 60 per cent petroleum, 
namely, 60.5-39.5 petroleum-acetone, nearly 60 per cent of the rubber passed 
into solution without any break, and from this point up to” petroleum con- 
centration of 62 per cent a further 5 per cent of the rubber dissolved. The un- 
dissolved residue amounted to just over 20 per cent of the whole. The distribu- 
tion of the fractions is shown in Table II. 

The relative size of the latex-rubber fractions changes considerably with the 
treatment the latex has received. A freshly imported sample of latex which had 
been five times centrifuged by Messrs. Veedip, Ltd., gave a rubber from which 
only about 5 per cent was extracted by petroleum-acetone mixtures containing 
up to 60 per cent petroleum, and 92 per cent by a solvent containing between 
60 per cent and 62.5 per cent petroleum, leaving a residue (3 per cent) of which 
about two-thirds dissolved in 63-37 petroleum-acetone; the remainder was in- 
soluble in petroleum-acetone mixtures and was incompletely soluble in benzene. 
As the 2 per cent of material which dissolved in petroleum-acetone containing 
63 per cent petroleum had a molecular weight of the same order as that of the 
fraction No. 3 of uncentrifuged latex-rubber, it would appear that fraction 
No. 4 was almost entirely absent from this sample of latex-rubber. 


x 


THE FRACTIONS 


The No. 1 (“ovide’) fraction extracted from crepe rubber constituted about 
1.5 per cent of the total rubber hydrocarbon. It could be separated by careful 
fractional dissolution in 50-50 petroleum-acetone into an oxygenated rubber 
(about 1 per cent of the total rubber) and a material of small oxygen content, 
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DISTRIBUTION OF LATEX-RUBBER FRACTIONS 
Mol. wt. of iatex rubber 330,000 (121,000) 


Weight of 


acetone extracted 
mixture material Yield 
(per cent) g. (per cent) Fraction Mol. wt. of fraction 
50/50 0.2 i No. 1 Not determined 
55/45 0.727 15 
60/40 3.42 
60/40 1.24 > 10.8 No. 2 238,000 (87,000) 
60/40 0.58 | 
760.5/39.5 9.70 
+60.5/39.5 13.55 59.1 No. 3 302,000 (111,000) 
+60.5/39.5 5.24 { 
61/39 1.83 38 
62/38 0.61 13 
Residue 25 No. 4 Not determined 
(soluble) — 
98.0 


+ A slight loss occurred in isolating these fractions, owing to a little of the material adhering to 
the walls of the vessels used. 


which was either a lightly oxygenated rubber or a mixture of hydrocarbon with 
some oxygenated rubber. The oxygen content of the more highly oxygenated 
portion varied somewhat from one batch of rubber to another, but in the 
samples examined lay between 1.1 per cent and 3.5 per cent; that of the less 
oxygenated portion lay around 0.5 per cent. 

In the case of purified latex-rubber, where the distribution of fractions differed 
materially from that of crepe rubber, no definite “oxide” fraction could be 
isolated by the use of 50-50 petroleum-acetone. Extraction with this mixture 
gave in fact only an insignificant amount of material (<0.2 per cent), and 
subsequent extractions with 55-45 petroleum-acetone gave a subfraction for 
which the analytical figures showed an oxygen content of 0.3 per cent't. However, 
it does not necessarily follow that latex-rubber actually contains originally less 
oxygenated material than crepe, as it is possible that ammonia renders the 
oxygenated material insoluble in 50-50 petroleum-acetone. This is indicated by 
the fact that two samples of crepe rubber which had been steeped in dilute 
ammonia for six weeks gave most-soluble fractions which contained 0.1 per cent 
and 0.55 per cent of oxygen, respectively; furthermore, later fractions isolated 
by means of 60-40 petroleum-acetone from ammonia-preserved-latex rubber 
appeared to contain a little oxygen (0.5 per cent), whereas the corresponding 
fractions from crepe rubber were substantially oxygen-free. 

The extraction of a large quantity of crepe rubber in a constant extraction 
apparatus (Figure 1) has proved to be a convenient way of obtaining adequate 
quantities of the “oxide” fraction for investigation. The apparatus is a modifica- 
tion of Pummerer, Andriessen and Gundel’s extractor, for which we are in- 
debted to S. E. Michael. It is, of course, not generally possible to use a mixed 
solvent in apparatus of this type, as preferential distillation of one component 
of the mixture will cause progressive relative enrichment in the other component 
of the mixture. The No. 1 fraction of rubber can, however, be extracted over a 
fairly wide range of solvent concentration, its amount is small, and a solution 
of high concentration is comparatively mobile; hence, provided that the volume 
of solvent in the distilling flask is small compared with the volume in the 
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extraction vessel, the change of concentration of solvent components occurring 
during the time required for extraction is not too great. Furthermore, by using 
petroleum of a boiling range of 60-80° C in conjunction with acetone, the 
preferential distillation of the petroleum range is minimized. The ratio of 
solvent volumes actually used in the extraction vessel and the distilling flask 
respectively was approximately 5 to 1 and, when the solvent used was 48-52 
petroleum-acetone, the whole of the oxidized rubber appeared to be extracted 
in 60 hours, particularly if the rubber was allowed to stand with the solvent for 
24 hours before extraction was begun. During the extraction the solvent mixture 
in the extraction vessel became progressively richer in petroleum, but the 
petroleum content did not exceed 52 per cent in the 60 hours. 
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Fig, 1.—-All-glass, continuous-extraction apparatus. A is a 16-liter bottle, Boa 5-liter flask, and 
C a mercury trap. 


The exact nature of the “oxide” fraction is not yet clear. Its unsaturation as 
measured by the iodine value was slightly less than that of rubber (98.5 per cent 
theoretical) ; its peroxide content, measured carefully by a procedure which will 
be described at a later date, was positive but small (about 0.15 per cent); the 
ratio of its carbon and hydrogen content was not significantly different from 
that required for the formula C;H,; and its active hydrogen content was positive 
but appeared to be small. The interesting point is that all the samples of crepe 
rubber which have as yet been examined (including well protected samples 
used immediately after importation and also a sample of massed, dried-fresh- 
latex film) contained an “oxide” fraction, which under the ordinary conditions 
of extraction passed into the sol rubber fraction. 

The No. 2 (“low”) fraction—This was a hydrocarbon of comparatively low 
molecular weight—about 220,000 (80,000). It was almost nitrogen-free (con- 
taining less than 0.01 per cent of nitrogen), and had an unsaturation value 
which was almost theoretical. It constituted about 15 per cent of the total 
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rubber hydrocarbon in crepe rubber, and a smaller proportion (10 per cent and 
55 per cent in different samples) of that in latex-rubber. 

The No. 3 (“intermediate”) fraction—The intermediate fraction, isolated 
from almost nitrogen-free latex rubber, amounted to 59 per cent of the whole. 
It appeared to be a pure hydrocarbon, with a molecular weight of about 300,000 
(111,000). The corresponding fraction from crepe rubber constituted about 70 
per cent of the whole; it contained 0.3 per cent of nitrogen, and had a molecular 
weight of about 325,000 (119,000). 

The No. 4 fraction—This fraction, as isolated from almost nitrogen-free latex- 
rubber, constituted 21.5 per cent of the whole. It contained the bulk of the 
residual nitrogen of the sample (0.09 per cent), and had total carbon and 
hydrogen contents of 99.50, 99.65 per cent. If the nitrogen is assumed to be 
associated with the proportion of the oxygen usually found in protein, the 
total of the component elements thus reached 99.73, 99.88 per cent. 

The fourth fraction as isolated from crepe rubber contained a good deal of 
nitrogen, and indeed the highest of its soluble subfractions (amounting to 5.3 
per cent of the total rubber) contained as much as 2.7 per cent of nitrogen, 
corresponding to about 16 per cent of protein. This subfraction was insoluble in 
pure hydrocarbons, but dedissolved readily when a few units per cent of a polar 
nonsolvent (methyl alcohol, acetone, etc.) were added to the hydrocarbon solvent. 
Thus, when a considerable excess of benzene or petroleum ether was added to a 
solution of the subfraction in 85-15 petroleum-acetone, the material was pre- 
cipitated; when, however, a little methyl alcohol was afterwards added the 
material redissolved. 

The molecular weight of this subfraction has not been determined, for in the 
first place its solution in petroleum-acetone could not be filtered through paper 
or through sintered glass, and secondly the solid material when once isolated 
from solution invariably became quite insoluble in the usual solvents; the latter 
observation remained true even although the residual solvent had been removed 
at room temperature in an almost absolute vacuum. 

On account of the large protein content of the “high” fraction from crepe 
rubber, the true properties of the least soluble fraction of rubber hydrocarbon 
are more likely to be those displayed by the “high” fraction derived from purified 
latex rubber. 

The insoluble residue—A small insoluble tough residue, possessing little 
elasticity, was obtained from crepe rubber but not from trypsin-purified latex 
rubber. This fraction, when freed from solvent, contained 3.3 per cent of 
nitrogen. 


DETERIORATION OF FRACTIONS 


A difficulty which has been repeatedly encountered in the course of this work 
concerns the extreme readiness with which the isolated fractions become partially 
or wholly insoluble when they have been completely freed from the last traces 
of solvent, particularly if final removal of solvent is accomplished above room 
temperature. This development of insolubility appears even when the samples 
are sealed with every precaution in glass tubes under an atmosphere of purified 
nitrogen. The “low” fraction of rubber becomes largely insoluble after it has 
been kept for several months in the dark, the “intermediate” fraction after a 
few weeks, and the “high” fraction in a few hours. In solution, however, the 
fractions do not show the same tendency to become insoluble. The nature of this 
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phenomenon is being examined, but at the moment it appears very improbable 
that the causal factor is oxygen, unless this agent can act effectively at extra- 
ordinary low concentrations. 


CONCLUSIONS 


Latex rubber which has been purified to the point at which it contains an 
insignificant amount of nitrogen can be separated by fractional dissolution in a 
mixture of petroleum and acetone into a series of hydrocarbon fractions of 
decreasing solubility and increasing molecular magnitude. All these fractions 
except the highest are soluble in petroleum and in benzene. 

Crepe rubber, on the other hand, appears invariably to contain a small, most- 
soluble fraction of oxygenated rubber, and a small similar quite insoluble 
fraction of material of high molecular weight. Between these extremes the 
rubber can be divided into fractions of increasing molecular weight, although, - 
up to the present, about 70 per cent of the total rubber has appeared in a 
single fraction. It may be possible later, by judicious choice of another pair of 
solvents, to resolve this major fraction into a series of subfractions. 

Kemp and Peters® refer to the effect of polar nonsolvents in reducing the 
viscosity of rubber solutions and also in assisting to bring gel rubber into solution, 
phenomena to which the polar molecules conceivably contribute by countering 
the forces of association between the rubber molecules. The present series of 
fractionations was conducted throughout in the presence of a polar nonsolvent 
(acetone), and hence may be considered to approach towards a separation of 
true rubber molecules as distinct from molecular aggregates. It is found, how- 
ever, that, whereas the more soluble fractions of acetone-extracted crepe rubber 
contain small proportions of nitrogen, the least soluble fractions contain sub- 
stantial proportions. Any effect which the nitrogenous material may have in 
assisting to link together hydrocarbon molecules to which it is attached, 7. e., 
in contributing to the high-molecular condition of a portion of natural rubber, 
remains at present uncertain in character. 

The fractions of rubber, and especially the higher ones, show a strong tendency 
to become insoluble when they have once been freed from the last traces of 
solvent. It seems doubtful whether the decreased solubility is due to oxygen as 
it would require to be effective at exceedingly low concentrations. 


FRACTIONATION OF DRIED FRESH-LATEX FILM 


Kemp and Peters in their latest paper? have concluded, from experiments 
with rubber derived from freshly imported ammonia-preserved latex, that the 
proportion of rubber which is soluble in petroleum ether may be quite small, 
and this has been taken to indicate that the usual considerable degree of 
solubility of crepe or latex rubber in ether or petroleum (yielding “sol” fractions) 
is due entirely to oxidative degradation of the original rubber molecules by 
contact with air. In view of this result the above-described fractionations have 
been extended to include an examination of fresh-latex film which had been 
prepared in Malaya by the rapid air-drying of fresh latex, followed by the 
massing of the film so obtained in large balls. For the experiments rubber from 
the interior of the ball, i. e., rubber well-removed from the attack of atmospheric 
oxygen, was used. 

A quite considerable proportion of the material proved to be much more 
readily soluble than the rubber examined hitherto. After removal of an “oxide” 














FRACTIONATION OF RUBBER 11 


fraction comparable in amount and oxygen-content to that found in crepe 
rubber, half the whole dissolved in the 60-40 petroleum-acetone mixture normally 
used to extract the “low” fraction, leaving a residue from which petroleum- 
acetone mixtures of progressively increasing petroleum content extracted only 
small quantities of material. Details of the fractions are shown in Table ILI. 


Tas.e III 
DIstrIBUTION OF AIR-DRIED LATEX FILM FRAcTIONS 


Preportion 


Petroleum/acetone extracted ‘ 
concentration (per cent) Analysis 
BER CR dA aic cies 6 bio Oc ere 1.1 C 87.14, H 11.96, O (diff.) 0.9 per cent 
60/40 (UU CXEPAOU) ios 6 oss a vic a deca vs wie 20.2 C 87.95, 87.80, H 11.9, 11.8, O (diff.) 
0.2 per cent 
60/40" (2nd extract). .6ccc icc cees saws 14.7 C 88.25, 88.0, H 11.95, 11.8. 
60/40 (8rd to 5th extracts)........... 16.4 
LEO SEOSSEE SA aie te ee 4.5 
G2ib/a7o st extract)... oc ccicccss cos 4.0 
62.5/37.5 (2nd Extract) ...6.. osccs scene SL 
1105 1) |S eRe e en a ee aLn 64.0 
Residue (undissolved) ............ 36.0 


the empirical formulae C,H, ., and C;Hg 93, respectively. 
acetone extracts (neglecting the 0.2 per cent deficit in the first extract, since 
this is within the limits of error of the analytical technique used) correspond to 
the empirical formulae (C;Hyg.9, and C;Hg.93, respectively. 


EXPERIMENTAL 


Mcthod—All operations were conducted in a semidark room in an atmosphere of 
pure nitrogen, the nitrogen being cylinder nitrogen which had been purified by the 
method of Fieser!®, Before placing material in any reaction vessel, the latter was 
evacuated and filled with nitrogen from a low-pressure reservoir to ensure complete 
removal of air from its interior; the evacuation and refilling were repeated once or 
twice, according to the size of the vessel. Solvents and solutions were transferred 
from one vessel to another by syphoning under a small pressure of nitrogen applied 
from the low pressure reservoir. As an additional precaution a trace of an antioxidant 
material, B-phenylnaphthylamine, was introduced into the extraction vessel and 
maintained there throughout the extraction operations; this substance could, when 
desired, be readily removed from the final products by extracticn with acetone. 

Materials —The crepe rubber employed was thoroughly extracted with acetone 
vapor at 56° C before usc, the operation being conducted in a stream of purified 
nitrogen. The latex required for the preparation of latex-rubber was first creamed 
with ammonium alginate, three creamings reducing the nitrogen content to below 
0.1 per cent, and then it was dialysed in a cellophane membrane. In one experiment 
the latex was further purified by trypsin digestion according to the method of Smith, 
Saylor and Wing?*. Before use the latex was coagulated with — and the wet 
coagulum extracted with acetone vapor at 56° C in a stream of purified nitrogen. 

All solvents were freshly distilled before use in a current of nitrogen, and were not 
accepted for use unless they had been shown to be free from peroxide by shaking 
with 10 per cent ammonium thiocyanate and a few crystals of ferrous ammonium 
sulfate!?. The petroleum-ether used throughout the work was a fraction boiling 
between 40° C and 55° C, except where otherwise stated. 

The apparatus was of all-glass construction, with ground joints, to avoid contamina- 
tion of the material by impurities from rubber bungs and tubing. 

Extracting of fractions—Kach batch of rubber to be used for fractionation was cut 
up into small pieces, placed 50 g. or 100 g. at a time in a 25 liter vessel, and treated 
in the first place with 2 liters of a 25-75 petroleum-acetone mixture, which removed a 








12 RUBBER CHEMISTRY AND TECHNOLOGY 


trace of acetone-soluble oily material. The petroleum-acetone mixture was next 
replaced by a mixture composed of equal volumes of petroleum and acetone; then, 
after a correction for the portion of 25-75 mixture retained by the rubber had been 
made, the vessel containing the rubber and extractant was placed in a thermostat 
maintained at 20°C. This correction was made by adding the required quantity of 
petroleum after determining the actual petroleum-acetone concentration in the flask 
by an adaptation of the Messenger method18. After the extraction vessel had 
remained for a few days in the thermostat, the 50-50 solvent-mixture was removed: 
it yielded a small quantity of a yellow gummy material containing oxygen (Fraction 
No. 1, or “Oxide” Fraction). Three or four successive extractions with the mixture 
were required to remove the “oxide” fraction completely. The “oxide” fraction having 
been removed, the vessel containing the rubber was filled with solvent mixture of the 
concentration required for the extraction of the second fraction, suitable adjustment 
being made to compensate for the presence in the rubber of some residual 50-50 
mixture. The rubber was extracted at 20° C with successive lots of this same solvent 
mixture, until the amount of extract became negligible. Each extraction was carried 
out under static conditions in the thermostat, but at intervals the cylindrical extraction 
vessel was removed and slowly rotated on rollers about its horizontal axis for a two- 
hour period. The solvent mixture in the vessel was then replaced by one still richer in 
»etroleum to extract the next higher fraction of rubber, and the foregoing procedure 
was repeated. The rubber fractions in the extracts were isolated, either by evapora- 
tion of the solvent mixture under reduced pressure in a current of nitrogen, or by 
addition of acetone, with cooling in a refrigerator if necessary, to precipitate the 
dissolved hydrocarbon. 

Fractionation of trypsin-purified latex-rubber. (Weight of rubber, 48.2 g.; nitrogen 
content, 0.02 per cent) —Extraction of the rubber with 50-50 petroleum-acetone 
vielded only a trace (less than 0.2 per cent) of an oily residue, which was not further 
investigated. 

Extractions with 55-45 petroleum-acetone gave 0.727 g. of slightly yellow, soft, 
glass-clear rubber, which was readily soluble in ether, petroleum ether, benzene or 
benzene homologs to give clear mobile solutions. (Found: C, 87.9, 87.8; H, 11.7, 11.9 
per cent; total C and H, 99.6. 99.7 per cent. Empirical formula, CsH7.02, CsHs.os.) 

Extraction with 60-40 petroleum-acetone yielded in three successive operations, 
respectively, 3.42 g. (7.1 per cent), 1.24 g. (2.5 per cent), and 0.58 g. (1.2 per cent) of 
a pale yellow, rather soft, glass-clear rubber, which dissolved readily in the same 
solvents as did Fraction No. 1, giving thereby clear but considerably more viscous 
solutions than did Fraction No. 1. This material, Fraction No. 2, was a slightly 
oxygenated hydrocarbon. (Found: C, 87.62, 87.68; H, 11.82, 11.83; O (diff.) 0.56, 
0.49 per cent; corresponding to CsHs.oOo.) After the solid material has been kept 
in solvent-free condition in an atmosphere of nitrogen for some weeks, it was found 
to have become substantially insoluble. 

Extraction with 60.5-39.5 petroleum-acetone gave, respectively, 9.70 g. (19.8 per 
cent), 13.55 g. (27.5 per cent), and 5.24 g. (10.9 per cent) of a tough rubber, transparent 
but less clear than the previous rubber fractions. This material, which had a rather 
whitish appearance and closely resembled rubber itself, was Fraction No. 3. It could 
be dissolved in petroleum-ether, benzene, and ether, provided that the solvent was 
poured onto the freshly precipitated material; but after the latter had been freed 
from all trace of residual solvent in a good vacuum it could be dissolved, with 
difficulty, only in benzene to which a little alcohol had been added; also, after it 
had been kept for a few days under nitrogen in a solvent-free condition it had become 
substantially insoluble. Analysis showed it to be a hydrocarbon. (Found: C, 88.3, 
88.55; H. 11.9, 118; N, 0.006 per cent; total C and H, 100.2 per cent, 100.35 per cent. 
Empirical formula, CsHs.o:, CsH7.9. 

The residue in the extraction vessel at this stage was flocculent and finely divided. 
Extraction of this with 61-39 petroleum-acetone gave only 1.84 g. (3.8 per cent) of 
a yellowish, tough rubber, and further extraction with 62-38 petroleum-acetone gave 
0.61 g. (1.27 per cent) of similar material. 

To the residue, now very flocculent, 1 liter of petroleum-ether was added, giving 
a final petroleum-acetone concentration of approximately 92-8. The residue dissolved 
completely in this mixture so giving 1630 cc. of a solution containing 10.35 g. (21.5 
per cent) of tough yellow rubber. This material was Fraction No. 4. (Found: 
C, 87.85, 87.75; H, 11.65, 11.9; N, 0.094 per cent; total C and H, 99.50, 99.65 per cent. 
Empirical formula, CsH:.1, CsHs.0s.) 

For the distribution of latex rubber fractions, see Table II. 
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Fractionation of crepe rubber (Batch A: Weight of sample, 100 g.)-—A 50-50 
mixture of petroleum-acetone extracted 06 g. of a pale brown gum, which was 
soluble in ether, petroleum ether, benzene, and also in n- and iso-propyl! acetates. 
This was Fraction No. 1. Analysis showed an oxygen content of 1.65 per cent. 
(Found: C, 87.35; H, 11.0; N, 0.05; Active H, 0.19 per cent. Empirical formula, 
CsH7.5000.07.) 

A 58-42 petroleum-acetone mixture extracted 1.89 g. of a colorless glass-clear, soft 
rubber, which was readily soluble in ether, petroleum-ether, benzene and in n-propyl 
acetate. 

A 60-40 petroleum-acetone mixture yielded by a single extraction 3.5 g. of material 
which was similar in general properties to the previous extract. It was noticed at this 
stage that the residual rubber was much less swollen than in the case of latex rubber. 
On slightly increasing the petroleum concentration, however, the whole residue, when 
gently agitated, dissolved to give a viscous solution. 

Fractionation of crepe rubber (Batch B: Weight of sample 100 g.)—This sample 
of rubber behaved similarly to the preceding cne of batch A, except that the oxide 
fraction (No. 1) contained 3.49 per cent of oxygen. (Found: C, 84.76; H, 11.75 per 
cent. Empirical formula, CsHs.2«0o.s.) 

Fractionation of crepe rubber (Batch A: Weight of sample 100 g.)—This time the 
oxide fraction was removed as before, and then successive extractions with 60-40 
petroleum-acetone were made until no further appreciable quantity of material would 
dissolve. This gave Fraction No. 2, the net yield of which was approximately 15 per 
cent. The solid material of this fraction was subst: antially free from nitrogen; it 
had the correct composition for a hydrocarbon and had 99.3 per cent of the theoretical 
unsaturation of rubber. (F ound: ‘C, 88.0; H, 11.95 per cent; total C and H, 99.95 
per cent; iodine value, 370.5, 369.7. Empirical formula, CsHe.0.) 

Fractionation of crepe rubber (Batch A: Weight of sample 50 g.)—After the 
oxide fraction and the 60-40 fraction had been extracted, the residue was allowed to 
stand with 62.5-37.5 petroleum-acetone without agitation, the supernatant viscous 
solution thus formed being withdrawn daily and replaced by fresh solvent. After 
four such extractions had been made, the residue of the rubber was fairly flocculent, 
and could be gently agitated in the usual manner without its complete dispersion in 
the rubber solution being brought about; two more such extractions with the same 
proportions of solvent removed practically all of the material soluble in this particular 
solvent-mixture, 7. e., Fraction No. 3, leaving a floceulent noncoherent residue which 
has been designated Fraction No. 4 to bring it into line with the products of latex- 
rubber fractionation. This residue dissolved progressively over a wide range of 
petroleum-acetone concentrations, provided that no violent mechanical agitation 
was applied: thus, 64-36 petroleum-acetone dissolved 1.42 g., a 65-35 mixture 0.9 g., 
a 67-33 mixture 0.46 g., a 75-25 mixture 0.72 g., a 85-15 mixture 2.65 g., leaving a 
little insoluble residue. The total weight of the soluble portion of fraction No. 4 
was 6.15 g. The least soluble of the soluble subfractions, 2. e., the 2.65 g. which dis- 
solved in 85-15 petroleum-acetone, was, when freed from solvent, a light brown, 
tough, nitrogenous material. (Found: C, 81.1, 81.1; H, 10.9, 10.9; N, 2.72; ash, 0.95, 
1.0; O (difference), 4.3 per cent.) The oxygen content of the subfraction corresponds 
closely with that which would be expected to be associated with 2.7 per cent of 
nitrogen if the latter were present wholly as protein. 

The small insoluble residue was a tough brown material possessing little elasticity 
and containing a considerable amount of protein. (Found: C, 77.55; H, 10.5; N, 3.3; 
ash, 2.2; O (by difference), 6.45 per cent.) 

For the distribution of crepe rubber fractions, see Table I. 

The oxide fraction of crepe rubber-—This material, as mentioned above, was 
vonveniently obtained in reasonably large quantities by extracting it from rubber 
with a mixture of petroleum of boiling range 60°-80° C and acetone in a constant- 
extraction apparatus. Extraction was begun with 48-52 pertoleum-acetone and 
allowed to proceed until the concentration in the extraction vessel had become 
enriched to 52-48 petroleum-acetone by preferential distillation of petroleum from 
the distilling flask. In this way the extraction ran for at least 60 hours. The compo- 
sition of the solvent-mixture in the extract was subsequently adjusted to a concen- 
tration of 50-50 petroleum-acetone. 

A 400 g. sample of acetone-extracted crepe rubber yielded in this way 46 g. of a 
brown gummy material, which remained dissolved in the 50-50 mixture, and 2.65 g. 
of a pale yellow, glass-clear, soft rubber, which was insoluble in the 50-50 but 
soluble in the 52-48 solvent mixture. The former was the true “oxide” fraction 
(Found: C, 86.7; H, 11.7; ash, 0.5; active H, 0.05; O (difference), 1.1 per cent. 
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Kkmpirical formula, C:Hy.wOvw:), whereas the latter was probably mainly a hydro- 
carbon. (Found: C, 87.74; 87.7; H, 11.86; 11.75; active H, less than 0.01 per cent.) 

The operation was repeated in a larger apparatus, using 1200 g. of crepe which had 
not previously been extracted with acetone. The extraction ran for 60 hours between 
the limits of 48-52 and 50-50 pctroleum-acetone. The extract, after removal of the 
solveni, was shaken with acetone at room temperature to remove resins (as the 
rubber was not originally extracted with acetone), and then covered with 49-51 
petroleum-acetone. From solution in this mixture was isolated 1 g. of a light brown 
sticky gum, which, after being extracted with acetone, gave the figures: C, 86.9; 
H, 11.85; O (diff.), 1.25; active H, 0.05 per cent; corresponding to the formula 
CsHs.0:Ooo. The undissolved residue, 9.6 g., was soluble in 50-50 petroleum acetone, 
und gave, after being extracted with acetone, the figures: C, 86.8; H, 11.7; O (diff.), 
1.5; active H, 0.05 per cent, corresponding to the formula C;Hs.osOo.c. The imprac- 
ticubility here apparent of isolating material having an oxygen content greater than 
1.5 per cent from this batch of rubber was supported by further fractionation of the 
material isolated from the extraction of the above 400 g. of crepe rubber. This 
material gave by extraction with 49.5-50.5 petroleum-acetone an oxygen-rich fraction 
(dissolved) containing 1.45 per cent of oxygen, and an oxygen-poorer residue con- 
taining 0.65 per cent of oxygen. 

These “oxide” fractions were not obtained when ammonia-preserved latex-rubber 
was used. Reference has already been made to the 0.727 g. of oxygen-free material 
extracted with 55-45 petroleum-acetone from trypsin-purified latex. A second batch 
of latex-rubber extracted between the composition limits of 48-52 and 52-48 
petroleum-acetone gave a 0.5 per cent yield of a similar oxygen-free material. 
(Found: C, 88.1; H, 11.9 per cent; total C and H, 100.0 per cent. Empirical 
formula, C;sHs..) 

The “oxide” fraction disappeared or became much reduced in oxygen content if 
the crepe rubber before extraction with acetone was steeped in 1 per cent aqueous 
ammonia for 6 weeks. A 200 g. sample of crepe rubber so treated yielded 1.78 g. 
of material which was soluble in 50-50 petroleum-acetone, and was substantially 
exygen free. (Found: C, 88.11, 88.04; H, 11.81, 11.79 per cent; total C and H, 
99.92, 99.87 per cent. Empirical formula, C;H:..2, CsH:.s.) Repetition of this pro- 
cedure with another sample of crepe rubber furnished an “oxide” fraction which gave 
the figures: C, 87.7; H, 11.75; O (diff.), 0.55 per cent; corresponding to CsHz..sOo.2). 


The above work has been carried out as part of the program of fundamental 
research on rubber undertaken by the Board of the British Rubber Producers’ 
Research Association. 
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INVESTIGATION OF THE FINE STRUC- 
TURE OF HIGH-MOLECULAR SUB- 
STANCES WITH THE UNIVERSAL 
ELECTRON MICROSCOPE 


PART II’. THE MORPHOLOGY OF RUBBER AND BUNA * 


M. Von ArDENNE and D. BEIscHER 


KAISER-WILHELM INSTITUT FUR PIYSIKALISCHE CHEMIE UND ELEKTROCHEMIF, BERLIN-DAILLEM, AND 
THE LABORATORIUM VON ARDENNE, BERLIN-LICHTERFELDE-Ost? 


INTRODUCTION 


In the last twenty years scientific methods and research have contributed to 
an ever increasing extent to the improvement of technical processes and to better 
control of these processes. In the production of crude rubber, for example, the 
personal skill of experienced experts, which formerly was the only controlling 
factor, has now been supplemented by a knowledge of how to carry out the 
process with rigid physico-chemical control. In addition to this, the development 
of rubber-like materials, such as Buna, has brought to the field of highly elastic 
materials new accomplishments and methods of investigation of fundamental 
importance. 

Since the structural units of rubber and of rubber-like materials lie within the 
range of colloidal dimensions, the various methods of colloid research have been 
the chief means of investigation of these materials in the past. Recently the elec- 
tron microscope has become a new aid to colloid research, and has made possible 
the direct determination and measurement of the form and size of structural 
units and their mutual spatial arrangement?. In view of this, it was but natural 
to undertake an electron microscopic investigation of the morphology of rubber 
and Buna. Even the first broad approach to this problem, which is described 
in the present communication, makes it evident that the electron microscope 
technique offers an easy means of gaining an insight into the structure of these 
systems in various fields of rubber technology. 


THE FEATURES OF THE ELECTRON MICROSCOPE EQUIPMENT 


The Universal electron microscope, which was developed by one of the present 
authors* and was used in his later investigations, is particularly well adapted, 
because of its high resolving power* (30 A. U.) and the possibility of taking 
dark-field photographs‘ as well as stereophotographs*, to researches on the fine 
structure of the materials described in the present communication. 

In view of references to the literature which have been given above, as well as a 
comprehensive book® on the subject which has appeared very recently, it seems 
sufficient to point out at this time only the most important features of the electron 
microscope, which is illustrated in Figure 1. 

The new instrument is distinguished by the construction of its magnetic or 
electrostatic objective system, which makes it possible to emp!oy particularly 


* Translated for RUBBER CIIEMISTRY AND TECHNOLOGY from Aautschuk, Vol. 16, No. 5, pages 55-60, 
May 1940. 
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short focal distances for the usual electron velocities of the electron microscope. 
In this connection it should be born in mind that most of the errors in reproduc- 
tion obtained by the electron microscope are proportional to the focal length of 
the objective. 

By shutting off completely the objective while the object is being changed, 
magnetic objectives are formed (particularly strong near the points of the pole- 
pieces), which give focal distances of 1.6 and 0.9 mm. for 70 kv. electrons. These 


Cathode system 





Fic. 1.—Universal electron microscope for bright 
field, dark field and stereoscopic operation. Resolving 
power for bright field, 3 mu. Resolving power for 
dark field, 5 mu. Magnification controllable from 5000 
to 500,000. 


objectives have a smaller aperture error, and employ the finest stops, centered 
while in operation. 

The smallest stop used in the path of the radiation consists of a channel only 
3u in diameter. The possibility offered by this instrument of obtaining ultramicro- 
scopic dark field pictures depends merely on the use of these fine stops, which 
are centered to approximately 1u in the path of the radiation by an electron- 
optical technique. Improvement in the quality of reproduction of the electron 
objective was carried further by constructional, electrical and magnetic changes, 
so that it would be certain that constant relations were maintained between the 
mechanical, electric and magnetic systems. A new construction of object holder 
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was devised, for example, so that the microscope was completely insensitive to 
shocks. Other features of the specially constructed apparatus used in the present 
investigation include single-crystal light screens, photography with Schumann 
films in the multiple-exposure vacuum camera, and instantaneous transformation 
of light-field to dark-field operation by shifting an adjustable stop. 


THE FORM AND SIZE OF THE INDIVIDUAL PARTICLES OF NATURAL 
RUBBER LATEX AND BUNA LATEX 


An electron photomicrograph of drops of rubber latex, dried on a film of 
collodion, which was itself completely transparent to electrons, is shown in 





Fic. 2.—Droplets of rubber latex on a collodion film. 
Magnification 50,000. 


Figure 2. The droplets of latex were obtained from a 60 per cent Jatex solution, 
which had been diluted with water before the droplets were placed on the collodion 
film. The diameters of the droplets themselves lie within the approximate range 
of 0.5 to lu, so that these droplets are still easily visible by an ordinary light 
microscope. In this work, which was really a continuation of the earlier microscopic 
investigation, no droplets so small as to be below the resolving power of the 
light microscope were observed. The fringes of the latex droplets have a sur- 
prising appearance, which, in view of the results of an electron stereomicroscopic 
investigation of similar materials, may be attributed to the fact that some of the 
material comprising the droplets has spread out on the film. It is possible that 
the resulting contour corresponds to the socalled “tail” observed by the light 
microscope technique. 
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In addition to the droplets of latex, the interior of which is not penetrated 
to any great extent by the applied volt velocities of the electrons of 60-70 kilo- 
volts, finely divided particles of 10-20 mu diameter, of various thicknesses, as 
well as filmlike residues, were visible on the film. Since latex contains various 
other components, such as albumin, sugars, resins, tannin substances, inorganic 
salts and alkaloids, these particles must be related in some way to these 
components. 

Droplets of Perbunan latex, which were prepared by dilution of 30 per cent 


latex with water to a dilution of 1: 1000 in the same way as the droplets of 


natural rubber latex, gave the electron photomicrograph shown in Figure 3. The 
essentially smaller dimensions of the individual Perbunan latex particles com- 
pared to the dimensions of natural latex particles is singularly evident in Figure 3. 





Fic. 3.—Individual particles of Buna latex, which are in part united 
to form aggregates. Magnification 50,000. 


The diameters of the Perbunan particles lie within the approximate range of 10 to 
100 mu. As is evident in the diameter-distribution curve in Figure 4, there is a 
sharply defined maximum at 50 mu. Accordingly the particles are practically 
all below the resolving power of a light microscope. In this connection it is of 
interest that ultramicroscopic examination showed an average diameter of 0.2u 
of the particles of the same diluted latex. The actual measurements and the 
electron photographs prove that the ultramicroscopic method does not give 
the dimensions of the individual particles, but only the average diameter of the 
aggregates. Likewise in an earlier ultramicroscopic examination of the average 
particle size of Buna latex carried out by Wintgen’, the measurements probably 
do not represent the dimensions of the individual particles, but rather the size of 
the aggregates. Furthermore, characteristic coronas surrounding the individual 
particles are evident in the electron photograph. Incidentally it should be noted 
that the blackening effect in the electron microscopic photographs seems to depend 
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on the product of the thickness and density of the irradiated sections of the par- 
ticles. Since in the case of objects of spherical form and uniform density, this 
product, the socalled mass-thickness factor, decreases rapidly only at the im- 
mediate edges of the spherical objects, the latter are always sharply defined on 
electron photographs. Consequently a corona can appear only when the entire 
surfaces of the spheres become enveloped with substances of lower densities or 
else when some substance has flowed on the subsurface of the spheres, so that 
the profile of the object departs markedly from the spherical shape. 

In contrast to the effect in Figure 2, the corona is not, in the opinion of the 
present authors, attributable solely to a substance which has flowed out onto the 
subsurfaces of the spheres. A better explanation is probably that the corona 
represents an enveloping mass of particles of a soaplike emulsifying agent, which 
was added to the solution during its preparation. Since no substances other 
than this emulsifying agent are added to the serum of Buna latex, no foreign 
particles of any kind are recognizable on the supporting film, as seen in Figure 3. 

In the smallest particles, having a diameter of 10 mu, only a few fibre molecules 
are coiled into a tangled form; for instance, if it is assumed that the length of 
molecule is 200 mu, there are only about 10 fibre molecules. In the formation of 
polymerized products, the small size of the droplets is of decisive importance 
since, in the polymerization of emulsions, base molecules join together to form 
filaments as a result of activation in the boundary layer between the substratum 
and water. Also, the total surface area, which likewise is of fundamental im- 
portance in this connection, can be easily calculated from the diameters of the 
droplets, measured by the electron microscope method. For example, with a 
radius of particle of 25 mu, the calculated surface area is 150 sq. m. per gram of 
substance. 

Furthermore, since electron microscope photomicrographs of other Buna latexes 
and emulsions of synthetic materials show in some cases quite characteristic 
features, the method which has been described gives valuable information both in 
judging the value of methods of dispersing substances and in the subsequent 
treatment of the resulting emulsions. 


THE FINE STRUCTURE OF UNLOADED RUBBER THREADS AND FILMS 


To obtain a general idea of the nature of the fine structure of unloaded rubber 
under different technical conditions, a series of samples was prepared, and electron 
photomicrographs were obtained. Of these, three in particular will be shown. 

Very characteristic structures, which resemble closely the external shape of 
threads of chromosomes, also examined by the electron microscope, are shown in 
Figure 5. The specimen examined was obtained by drawing out filaments from 
a solution of rubber in benzene. 

Electron-microscopically transparent and structureless films can be obtained 
by spreading a solution cf rubber in benzene on water in the same manner that 
collodion films for microscopic object holders are prepared. With the present 
resolving power of the instrument, no fine structure was observed in these films, 
for rubber fibre molecules are larger in only one dimension (up to approximately 
lu), whereas the other two dimensions are of the order of magnitude of frac- 
tions of 1 mu. 

In contrast to these structureless films from benzene solutions, films of rubber 
prepared from latex are cloudy and, when stretched, show a streaked appearance. 
A typical case of this kind is shown in Figure 6, in which the film in the left-hand 
upper corner is torn. This film of rubber was prepared® by spreading a very thin 
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film of latex on the glass object holder of a light microscope. The glass slide 
was then cut in two sections, the rubber film was stretched by pulling the two 
sections of glass apart, was then fixed in this position by a ring drawn over the 
glass slide, and finally was examined by the electron microscope. 
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Fic. 4.—Size distribution curve of drop- Fic. 5.—Filaments from a solution of rubber in benzene. 
lets of Buna latex shown in Figure 3. Magnification 25,000. 





Fic. 6.—Stretched film of rubber from latex, showing a cloudy 
and streaked structure. Magnification 30,000. 


Figure 7 shows an extraordinarily interesting electron photomicrograph, taken 
at a magnification of 75,000. In this case the rubber film has been torn, and a 
wedge-shaped split has remained, which on its edges tapers down to molecular 
dimensions. In the left-hand part of the picture, the edge shows a very distinct 
frayed effect, the dimensions of which are in some places as small as 2.5 mu. 
Probably clusters of fibre molecules are responsible for this effect, since, as already 
mentioned, the molecular dimensions of rubber fibre moleculare lie below the 
resolving power of the present-day instrument. 
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Fig. 7.—Torn film of rubber, with wedge-shaped cut, the edges of which are 
thinned out to layers of molecular dimensions. Magnification 75,000. 


THE APPEARANCE OF IMPORTANT FILLERS BY THE ELECTRON 
MICROSCOPE 


Among fillers which are employed today for increasing the mechanical strength 
of rubber, carbon blacks play an extremely prominent role. Wiegand® has called 
attention to the relation between the tensile strength of vulcanizates containing 
carbon black on the one hand and the degree of fineness and homogeneity of the 
carbon black on the other hand. According to investigations by Wiegand and 
others, the finer the carbon black and the more homogeneous its dispersion in 
rubber, the greater in general is its reénforcing effect. The direct insight into 
structure afforded by the electron microscope technique makes possible at the 
same time a considerable simplification of experimental technique, an increase 
in the precision of measurements, and the possibility of examining individually 
each component in complex mixtures under analytically favorable conditions. 

Figure 8 shows a highly active gas black?® of the finest particle size, incor- 
porated in a rubber film, prepared directly from latex and stretched 400 per cent. 
In this photomicrograph also, the striated effect and cloudy structure of the 
rubber film are evident. In the upper right-hand part of the photograph, an 
unstretched film, likewise containing gas black, is shown at one-half the same 
magnification. 

Whereas in the literature, the diameters of the finest active gas blacks (Arrow, 
Micronex, etc.) are recorded as 40-60 mu, it is shown for the first time, by the 
photomicrograph in Figure 8, that the diameters of the particles of a highly active 
carbon black are only 10-20 mu. The particles are, therefore, much finer than has 
heretofore been believed. 
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The appearance of a heavy lamp black, which is relatively inactive as a reén- 
forcing pigment in rubber, is shown in Figure 9. In this case the particles are not 
only much larger in almost all cases, but include several types with diameters 
between 30 and 200 mu. 

It is frequently of interest to know whether the individual particles of a 
substance are crystalline or amorphous. The electron microscope photomicro- 
graphs do not make it possible to reach a decision in all cases with respect to 
this point. This is particularly true of particles the dimensions of which are close 
to the resolving power of the microscope; in these cases the particles are of such 





Fic. 8.—Highly active gas black, with particle size of 10-20 mu, dispersed 
in a film of rubber which has been stretched. Magnification 50,000. 


ill-defined shapes that it is impossible to determine whether they are crystalline 
or amorphous. Recourse must therefore be had to the method of diffraction of 
x-rays and electronic radiation. In the photomicrograph reproduced in Figure 9, 
the particles are sufficiently large to show clearly the characteristic platelet form 
of graphite and the crystalline nature of this particular black. As a result of 
the technique used in preparing the specimen for examination by the electron 
microscope, the platelets have aligned themselves parallel to the plane of the 
photograph. Both in this case and in the electron photomicrographs which follow, 
stereophotomicrographs give a far better insight into the true structure of the 
particles. 
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| 
i 
i 
Fic. 9.—Heavy inactive lamp black, with particle size of 30-200 mu, 
on a collodion film. Magnification 50,000. 
j 
; 
h 
Fic. 10.—Zine oxide, used as a rubber filler, with partly twisted 
lamellar particies. Magnification 50,000. 
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In addition to carbon black, fillers and pigments of the most varied types are 
added to rubber to give it special properties. Among these agents may be men- 
tioned zinc oxide, barytes, litharge, magnesium oxide, and clay. The electron 
photomicrograph reproduced in Figure 10 shows the widely used pigment, zinc 
oxide. In this photomicrograph, the individual particles have a platelet form, 
with twisted parts. The dimensions of these particles are at the limit of visibility 
of the ordinary microscope. 

Figure 11 shows the extremely simple crystalline form of barytes. In this case 
the dimensions of the crystals cover a wide range of sizes. 








Fig. 11.-—Barytes, used as a rubber filler, with simple particle shapes. 
Magnification 50,000. 


THE FINE STRUCTURE OF LOADED, VULCANIZED RUBBER 


After photomicrographic studies had been made of the individual particles of 
rubber and of Buna, and then of the structure of fillers, it seemed that it might 
be of interest and value to study the morphology of finished vulcanized rubber 
mixtures. 

The photomicrograph reproduced in Figure 12 shows the result obtained with a 
vulcanizate of the following composition: 


EE PS a 0 oS INC OS a PO es Comer ed a Ce gr gee ee 100 
A EE Pen CEL pia ears a ets kK shah eons heh saNb ss baie 2 
a IIIRE RDO, ace ine Wr tale Cored nance iol aw tut ks 0.5 
RNIB en Ce cn een ei ce gibi WS aig ARR ES w tials 1 
Sy ESI STIUIE SPs RICA DSR co oe Pn ONT tpt ee ng eerie oy Aen te ae See ea 2 
BPE SE EOC SS IS ee ee a an ere ee 30 


The gas black used in this mixture was of approximately the same fineness 
as the highly active gas black reproduced in Figure 8. The specimen to be ex- 
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amined by the electron microscope was prepared by crushing a sample cooled 
by liquid air, and then choosing the finest fragment by means of an ordinary 
microscope. As observations of numerous specimens prepared by this technique 
showed, it is very probable that zones at the edges having a thickness of the order 








Fig. 12.—Vuleanized rubber, containing carbon black, which shows 
a very regular network structure, in which the particles of carbon 
black form nodal points in the network structure. Magnification 80,000. 





Fic. 13.—Stereophotographs of the same film of rubber shown in Figure 12. Angle of inclination 
of the object 8°. Magnification 38,000. 


of magnitude of 100 mu or less lay over the opening of the object holder diaphragm, 
and therefore were included in the field of vision of the microscope. The uniform 
network structure, in which the particles of carbon black appear to form nodal 
points, is remarkably clear in Figure 12. 

The same microscopic specimen is shown in Figure 13, but in this case as a 
stereophotomicrograph, with the diminished sharpness due to the screen dots. 
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This photomicrograph indicates a thickness of network of only about 0.1u. The 
spatial arrangement of the particles of carbon black, their dispersion in the vulcan- 
ized rubber and, to a certain degree, the united fibres of rubber are plainly visible. 

The highly characteristic appearance of the fine structure of this particular 
technical rubber mixture, which had good mechanical properties, as well as 
similar results obtained photomicrographically with other technical rubber mix- 
tures, justifies the conclusion that, in the future, with the help of the electron 
microscope method, not only will the uniformity of mixtures be controlled, but 
also our knowledge of the relations between fine structure and mechanical proper- 
ties will be extended. At the same time, by application of the stereophotographic 
technique, the true spatial arrangement of the network will be established. In 
this way, a wholly new method of dispersoid analysis for such systems will be 
developed. 
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The investigation here reported is the first of a series designed to discover 
the effects of every variable on inception of molecular orientation and _ its 
persistence on removal of the stretching deformation. 

A valuable property of rubber, and yet one of the most difficult to define 
and evaluate accurately, is described by the term “resilience”. A piece of rub- 
ber which is “snappy” and “whippy” is called resilient, and this property is 
fcund to be valuable for rubber products subjected to considerable flexing, 
since less heat is generated during flexing. This is generally considered to be 
the ratio of the energy given up by rubber when released from a definite de- 
formation to the energy required to produce the deformation. To avoid com- 
plications due to plasticity, the determination of resilience involves as nearly 
instantaneous deformation and release as possible. A suitable instrument is the 
Liipke impact resiliometer, based on the rebound of a metal rod of known weight 
suspended as a pendulum, after striking horizontally against a rubber speci- 
men held on a rigid anvil. Since the pendulum trevels over an are of a circle, 
a suitable divided are-shaped scale is used to show the vertical component of 
the pendulum travel before and after impact. 

In general, it is recognized that the highest resilience is obtained at, or slightly 
above, the optimum cure, that loading of a compound with some carbon blacks 
or fillers may greatly lower the resilience, whereas others will not, and that, on 
repeated impacts, resilience readings frequently tend to increase to the third 
or fourth impact. 

The present work was undertaken in the hope of discovering relations of 
structure which might account in a more fundamental way for the property 
of resilience. The process was to study two rubber stocks, as closely similar 
as possible in composition but differing appreciably in resilience, by the x-ray 
diffraction method and by the usual stress-strain measurements. 


* Reprinted from Industrial and Engineering Chemisty, Vol. 32, No. 11, pages 1474-1477, November 
1940. 
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RUBBER SAMPLES 


Two rubber samples with different values of impact resilience were used for 
these tests. The two stocks had the following compositions: 


Sample L H 
EE EO a TE OT mT 100 100 
Reogen plasticizer (mineral oil, sulfonated petro- 
leum, normal butyl alcohol)................... 1 
PRP MIBE AE ON coe Mii aah Webbie ane sewn e esas 1 J 
SEE orale hock ccc Gk nes cules da ew kinks aes 1 1 
CS i ie ee nr re eee 1 1 
PARNER Siku duc Eh a ee eGnN nen opens os ew'awn 3 3 
MI ee cect niet cacu pe Na Ce ude hoe eKwiheelar 3 2 
LSTA PST a re 1 1 
Zinc dimethyldithiocarbamate ................085 0 0.25 
NINN ce RR a eniciottgcwuin.n SiS ba S ews 0 0.25 


The values in Table I were obtained for the stress, S, at 500 per cent elonga- 














TABLE I 
Min. of r L - H 
cure Ss T E 8 i E 
3 — Uncured — — Slight cure — 
5 — Slight cure — 865 4710 740 
10 530 3460 805 1480 4580 675 
15 675 3840 770 1610 4200 640 
20 740 3850 760 1560 4060 635 
30 760 3680 745 1565 4220 635 
SHORE HARDNESS 
10 — 43 
20 38 -- 
Impact Resilience (% Energy Returned at Room Temp.) 
10 —- 81.00 
20 72.0 — 


tion and tensile strength, 7, in pounds per square inch, and per cent elongation, 
E, at break for various times of cure at 287° F (40 pounds per square inch). 


STRESS-STRAIN CURVES 


When a piece of vulcanized rubber is stretched and allowed to retract, the 
work gained on retraction is less than the work required to stretch the rubber. 
This phenomenon is termed “hysteresis”, and the work disappearing is called 
the “hysteresis loss”. If the stress-strain curves are traced to show extension 
and retraction of the rubber, the retraction curve will be displaced towards the 
elongation axis; the two curves form a loop, the area of which represents the 
work lost. If further cycles of extension and contraction are performed, the 
area between the curves (and hence the work disappearing) decreases and ap- 
proaches a minimum. 

The stress-strain properties of the two rubber samples H and L were measured 
in the usual manner. Standard 0.25-inch dumbbells were cut from sheets with 
a gage of 0.18 inch. The H sample was prepared from the 10-minute cure and 
the L sample from the 20-minute cure. Figure 1A shows the hysteresis loops 
for the first cycle on the two specimens, the lower jaw moving at the rate of 
2 inches per minute. This rase is in contrast with the standard of 20 inches per 
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minute used to obtain the tensile properties in Table I. It is apparent that 
sample H, which has the higher resilience, also has a much larger loop extend- 
ing to considerably higher values of the stress exerted per square inch. From 
these loops it may be calculated that there is a 46 per cent loss in energy in 
the process of extension and retraction of sample H and 39 per cent of L. 
After the first cycle on the specimens, the energy conditions change considerably. 





POUNDS PULL PER SQUARE INCH 


200 300 400 500 
PERCENT ELONGATION 


Fig. 1.—Stress-strain hysteresis loops for specimens H and L. 


Figure 1B represents the loops for the third cycle of the same specimens. 
The area of the two loops is greatly diminished, especially for specimen H, to 
a point where the two loops are almost identical, even though the H loop still 
lies above L. The energy loss in extension and retraction is now approximately 
20 per cent for both specimens. 


X-RAY DIFFRACTION TECHNIQUE 


Standard dumbbell specimens of H and L exactly like those employed in 
the stress-strain measurements were used for the preparation of x-ray diffraction 
patterns. The method consisted, in general, of stretching the sample to 200 per 
cent elongation, photographing a diffraction pattern under carefully controlled 
conditions, extending the specimen to 225 per cent elongation without inter- 
mediate retraction, and repeating the diffraction procedure over each interval 
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of 25 per cent up to a total of 500 per cent elongation. The sample was then 
retracted in steps of 25 per cent, with a diffraction pattern photographed at 
each point down to the initial value. For extension, the first evidence of the 
familiar crystal fiber pattern of stretched rubber appears at about 250 per 
cent elongation. The degree of crystal formation was evaluated from the density 
of the most intense fiber diffraction spot on the equator. Since very accurate 
measurement of the density of this spot on the various patterns was necessary 
for proper comparisons, it was essential to have a suitable method of calibration 
and correction of the observed density of the diffraction maximum for back- 
ground fogging and other variations. To this end, the nickel foil used to filter 
the radiation from the copper target tube was also arranged to register standard 
nickel interferences on the film, together with the rubber pattern. A rubber 





Fig. 2.--Typieal diffraction patterns. 
a. Unstretched rubber, showing inner rubber halo and outer nickel rings. 


b. Rubber stretched 500 per cent ; the intensity of the strongest fiber spot was measured at each stage 
of elongation and retraction to obtain the results in Figure 3. 


sample-to-film distance of 2 cm., a rubber sample-to-pinhole distance of 1 cin., 
and a nickel foil-to-film distance of 3 cm. were used. 

A typical group of films is shown in Figure 2. The inner complete pattern 
for stretched rubber and the outer continuous rings for nickel are easily dis- 
tinguishable. To eliminate every possible variable, the sample was stretched 
for 15 minutes and then the exposure on the x-ray diffraction unit was made 
for one hour. The x-ray tube was operated under constant conditions of 30 
killivolts and 25 milliamperes, the radiation output being frequently checked 
with an r-meter. (The international unit of x-ray dosage or intensity is the 
roentgen or r.) All the films for each sample were developed at the same time 
after the completion of the last exposure. Density measurements were then 
made with a visual Gaertner densitometer, used in the x-ray laboratory of the 
University of Illinois with considerable success and described in an earlier paper*. 


* Clark, G. L., and Sisson, W. A., Ind. Eng. Chem., Anal. Ed., 5, 296 (1933). 
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The density of the rubber interference was corrected for the density of the 
background of the film in the immediate vicinity, and the same correction was 
made for the density of the principal diffraction ring of nickel. The ratio of 
corrected densities of the rubber interference to the nickel interference was 


CORRECTED DENSITY 





FOURTH CYCLE 





CORRECTED DENSITY 


400 500 


PERCENT ELONGATION 


Fig. 3.—X-ray crystallization hysteresis loops for specimens H and L. 


then plotted against the percentage elongation of the rubber specimen. The 
resulting x-ray hysteresis loops for the first cycle and for the fourth cycle are 
shown in Figure 3. The similarity of these loops, representing development 
of crystallization on stretching and persistence on retraction, to the stress-strain 
curves is apparent. Contrary, however, to the stress-strain hysteresis loops, 
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the retraction curves for the x-ray loops are displaced away from the elonga- 
tion axis toward the density axis. In other words, if elongation is plotted hor- 
izontally in both cases, the stress-strain retraction curve will lie below its ex- 
tension curve, whereas the x-ray retraction curve will lie above its extension 
curve. 


DISCUSSION OF RESULTS 


When data on composition, impact resilience, stress-strain hysteresis loops, 
and x-ray crystallization hysteresis loops are assembled, certain correlations are 
apparent. 

The two stocks differ only in the use in specimen H of 0.25 per cent low- 
temperature accelerator and 0.25 per cent secondary vulcanizing agent, which 
are not employed in the corresponding stock L, and a difference of 1 per cent 
in sulfur (2 per cent in H, 3 per cent in L). The optimum curing times adopted 
for the test specimens are 10 minutes for H and 20 minutes for L. The former 
has an appreciably higher impact resilience which, therefore, seems to be con- 
trolled by the presence or absence of small quantities of certain accelerators 
and vulcanizing agents, with attendant changes in sulfur content. 

Specimen H on the first cycle requires over the range of higher elongations a 
considerably greater stress than L, the widening vanation beginning at about 
425 per cent. The resulting loop is much higher and broader for H than for L. 
The same relation of loops is found for the development of crystal fiber inter- 
ferences on the x-ray patterns; but here the higher loop for H means greater 
crystallizing or organizing response of polymer macromolecules to a given 
elongation. It might be argued that it is the setting up of this organized crys- 
talline structure which produces the increased resistance to further elongation 
shown by the stress-strain values. 

The x-ray loop, however, is considerably narrower than the corresponding 
stress-strain loop; in other words, the development of organized or crystallized 
regions on stretching and the disarrangement on retraction follow a more nearly 
reversible path. This is true for both H and L, especially over the higher exten- 
sions; but whereas there is only a slight broadening of the loop at lower ex- 
tensions for H, there is appreciable hysteresis for L below 400 per cent. For H 
there is a much greater crystallizing tendency at a given elongation above 350 
per cent than L. Below 350 per cent H and L overlap, but sample H continues 
to behave far more uniformly. 

On the next elongation immediately following the first extension and retrac- 
tion, or after several rapid cycles, the stress-strain and the x-ray crystalliza- 
tion loops undergo very marked changes. The results of the third cycle of 
stress-strain and the fourth eycle (which is indistinguishable from the third) 
of crystallization are plotted in Figures 1B and 3B. For the former property, 
the loops for specimens H and L are more nearly the same in area, although 
H is still higher than L, and shows a widening difference above 425 per cent. 
For crystallization over the upper ranges of elongation, the x-ray loops again 
are quite narrow and represent a nearly reversible path above 400 per cent 
for both specimens H and L. 

Between the first and third cycles, the stress required to produce 500 per cent 
elongation has decreased for H from over 1000 to over 500, and for L, from 
less than 600 to less than 400. The change in the crystallization values are 
remarkable; for H on the first cycle a maximum density of 3.5 is recorded, and 
on the fourth cycle 4.3. This is actually a great change, illustrating the far 
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greater ease with which macromolecules are pulled into organized alignment 
after rubber is flexed. This behavior is consistent with the diminished stress 
required to produce the elongation. For sample L, however, there is practically 
no change between the first and successive cycles in crystallization at 500 per 
cent, measured by density. At the lower deformations sample H has a uniform, 
slightly widened loop similar to that of the first cycle, and the fiber interferences 
disappear at about the same value of 200 per cent for both cycles. But sample L 
in the ranges below 350 per cent behaves in an extraordinary manner. The loop 
widens greatly, and the crystal interferences persist, with nearly constant in- 
tensity from 350 down to nearly 200 per cent, and then diminish until they 
disappear in the neighborhood of 180 per cent; on extension there was only 
the faintest evidence of initial crysiallization at 300 per cent. 


SUMMARY 


1. For sample H, with high modulus and high resilience, there is a greater 
crystallizing tendency above 350 per cent for the first cycle and above 400 per 
cent after previous flexing. 

2. Both H and L have narrow loops, which indicate an approach to reversi- 
bility in the formation and deformation of crystalline regions above 400 per 
cent for the first and later cycles. 

3. The crystallization of H is greatly enhanced above 400 per cent after the 
first cycle of stretching and retraction; L remains essentially unchanged by 
previous history over this range; this is analogous to the much greater change 
in the stress-strain loop from the first to third cycles for H, as compared with L. 

4, At elongations below 400 per cent for the first cycle and 350 per cent for 
subsequent cycles, L has a far greater hysteresis or tendency to retain the 
crystalline arrangement, and this greatly increases after the first cycle, so 
that the fiber interferences persist on retraction to elongations 150 per cent be- 
low the elongation required for institution of organization on extension of the 
sample. Sample H is considerably more consistent in its behavior over the 
lower elongations, and between the first and later cycles. In other words, the 
tendency of H to return to the normal state on release of a deforming force 
is clearly evident, whereas L shows a marked tendency to retain a structure 
once set up. If resilience is the property of an elastic body related to the 
percentage of the potential energy introduced by applied stresses which is 
returned as work when the body returns to its original shape and size upon 
release of the stresses, then these x-ray data would seem to be consistent with 
the higher resilience of H; for ordinary measurements of resilience are evidently 
related to the lower ranges of deformation over which H returns to its normal 
state (disorder of macromolecules as in a liquid) so much more easily than L. 

5. Although representing overlapping energy relations to some extent, the 
stress-strain and the x-ray loops, so-called, cannot be converted one into the 
other; the former give no evidence, especially at low elongations, of the dis- 
continuities indicated by the x-ray diffraction patterns. It should be noted 
that numerous statements in the literature from the time of the original in- 
vestigations of Katz and of Meyer and Mark are to the effect that the intensity 
of diffraction interferences, but not their positions or sharpness, increase linearly 
with increasing elongations. Although this may be true for some unvulcanized 
stocks, it is evident that only at certain ranges does a linear relation hold 
for these vulcanized stocks. It is believed that these curves are an accurate 
expression of facts for these samples, because of the extraordinary care in 
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maintaining a strictly quantitative procedure in every detail. The curves in 
Figure 3B seem to indicate four stages in the proeess of forming and unform- 
ing crystalline regions for both H and L, viz., from 0 to 200 per cent (or lower 
for L), from 200 to 350 per cent, from 350 to 450 per cent, and above 450 
per cent. Discontinuities are less apparent after the first cycle, except the 
change for L at 350 per cent from a narrow into a very wide loop. 

6. Specimen H has the greater crystallizing tendency, at a given elongation, 
above 350 per cent, and requires the greater stress to reach this elongation. Also 
it has far less hysteresis than L over its whole course after the first cycle. 
Readings on the impact resiliometer are reproducible and significant only after 
two or three impacts of the rod are first made against the given area on the 
rubber strip. Thus, the local instantaneous deformation of impact is followed 
by a nearly reversible restoration under the conditions of preliminary condition- 
ing, exactly as is true for the stress-strain and crystallization properties. There 
would, then, appear to be a close correlation between the three properties which 
gives to resilience a more fundamental significance; 7. e., in a series of comparable 
rubber stocks, the one which reversibly forms most easily ordered regions of 
molecules under a given elongation will also give up quickly on release from 
deformation the largest percentage of the energy required to produce the de- 
formation. More energy is actually required for a given elongation above 350 
per cent, but this seems to go into a useful recoverable form—that of forming 
ordered localized regions, representing a sort of reservoir from which the 
energy is recovered mechanically in large measure on release. If this response 
does not come after the application of a localized deforming stress, then we may 
think of a dissipation of impressed energy into heat or a diffusion into adjacent 
areas which are not under maximum impact deformation. As evidence of this 
mechanism, which is merely a preliminary suggestion, it is found that the 
heat developed by compression in L is distinctly greater than that in H; under 
exactly the same conditions of standard testing, the temperature taken at the 
center of a ball 30 seconds after a 10-minute run at 55.12 pounds is 120° F 
for H and 150° for L. 
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INTRODUCTION 


The mechanical hysteresis of rubber has been measured by almost every con- 
ceivable method, many of them simple but inexact. During recent years, how- 
ever, the practical importance of hysteresis in rubber has been gaining recognition, 
and consequently a number of more elaborate and relatively exact methods and 
devices for measuring hysteresis have been developed. The present article de- 
scribes a torsional hysteresis test. Although the apparatus required is quite 
simple, the test is accurate and may be regarded as a satisfactory test for 
many purposes. 


DESCRIPTION OF APPARATUS 


The apparatus consists primarily of a torsional pendulum, which is com- 
pletely supported by the rubber sample which furnishes the restoring torque. 
For purposes of temperature control, the pendulum is placed inside an oven 
with a glass door. A photograph of the apparatus is shown in Figure 1. A 
detailed drawing of the pendulum itself, and the clamp by which it is attached 
to the lower end of the sample, is shown in Figure 2. The pendulum circle is 
cut from sheet aluminum 0.16 cm. ( 1; in.) thick. It consists of a narrow rim, 
0.85 em. wide, supported on four narrow spokes 0.7 cm. wide. The total weight 
of the pendulum, including shaft and clamp, is 52 grams. Its moment of 
inertia is 3.8x10° g. per sq. cm. The circle is graduated in intervals of 5°. 
Readings are made with respect to the stationary marker visible in front of 
the pendulum in Figure 1. 

The upper clamp of the apparatus is supported on a rod which extends 
down through the top of the oven. Oscillations of the pendulum are initiated 
by giving the upper clamp a sudden turn. The hole in the top of the oven 
is large enough for the sample, and the lower clamp to be lifted up through 
the hole. This arrangement permits changing the sample without opening 
the oven door, and thus saves time, since uniform temperature is maintained 
continuously. 

The pendulum usually wobbles when it is first let down into the oven. To 
stop the wobble, the support of the upper clamp is pushed down momentarily, 
to bring the center of the pendulum into contact with the brush mounted 
immediately beneath it. A spring in the support of the upper clamp permits 
this vertical movement. 

The test piece, detailed in Figure 3, is die-cut from sheet rubber. Standard 
practice is to use a moulded slab, 0.25 em. thick, but any rubber sample cut 
or buffed to approximately 0.25 em. (0.1 in.) can be used. 


* Presented before the Division of Rubber Chemistry at the 100th Meeting of the American Chemical 
Society, Detroit, Michigan, September 12-13, 1940. 
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Fic. 1.—Torsional pendulum and sample. 


TESTING PROCEDURE 


The dumbbell test piece is first preworked by stretching 20 times to a 
given over-all length. For gum stocks, this stretching length is 15 cm. (6 in.); 
for tread stocks it is 10 em. (4 in.). 

The sample is inserted in the clamps of the apparatus and the pendulum is 
let down into the oven. The wobble is stopped. At one minute after this time, 
the head, or upper clamp of the pendulum, is given a sudden turn of approxi- 
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mately 360°, and the pendulum is allowed to oscillate. (If measurements are 


made at room temperature, the one-minute waiting period is omitted.) At two 
minutes, the head is again turned 360°. At three minutes, the head is again 
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Fic. 2.—Details of pendulum circle and clamp. 
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Fic. 3.—Dimensions of 
die-cut test piece. 


turned 360°, and then readings of the deflections at the end of each clockwise 
and counter-clockwise rotation are made. These readings are usually continued 
through four complete oscillations. 
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The method of calculating the logarithmic decrement of the damped oscilla- 
tion will be illustrated by the following set of typical readings. 


TABLE I 


TABLE OF ANGULAR READINGS 


’ Counter- 


Oscillation Clockwise Oscillation clockwise 
No. rotation No. rotation 
Sp eee ee eee 82° 0 17° (plus 360°) 
Oe aS Ree ene 123° 1 341° 
Ree Laninakae ake 154° 2 315° 
1 SEE Sor ee eee “176° 3 296° 
De een Pere mein cbse 192° 


The calculation is based on the assumed law, found to be approximately valid: 


Ay —1]()-nK 
(1) nied 
in which 
A,= amplitude of the zero, or initial oscillation, 
A,, = amplitude of the nth oscillation, 
K=logarithmic decrement (to the base 10). 


Since an independent observation of the rest position cannot be made con- 
veniently and quickly, the rest position is located by means of the deflection 
readings themselves. As a satisfactory approximation, the rest position is 
assumed to lie midway between the deflection in one direction and the average 
of the preceding and following deflections in the opposite direction. On this 
basis, we have in the illustrative example: 

2A,=377° —4(82° + 123°) 
=2745", 

2A,=296° — $(176° + 192°) 
== 212". 


Therefore, from Equation (1): 


(2) K=} log——~” =0.130. 


ENERGY CALCULATIONS 


In engineering work it is frequently desirable to know the energy loss per 
cycle, for example, for purposes of estimating heat development. Let us as- 
sume that, at least approximately, Z,, the remaining energy at the end of 
the nth cycle is given by: 


(3) E£,=GA,?”, 
where G is the torsional constant of the system. 


From this and Equation (1), it is easily deduced that the relative loss in 
energy after n cycles of damped oscillation is given by: 


E,-E 
“9” “n 








(4) =1—10-°K, 


= 
E, 
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If K is sufficiently small, the relative energy loss per cycle of damped oscilla- 
tion is approximately : 


AE 


=464A 
Ky 





(5) 


In service, rubber is frequently subjected, not to damped oscillations, but 
to forced oscillations of constant amplitude. The exact calculation of energy 
loss in this case from the value of the logarithmic decrement depends on the 
laws of hysteresis; that is to say, on how hysteresis varies with amplitude and 
frequency. It is often assumed or postulated that mechanical hysteresis of 
rubber is similar to electrical resistance in an oscillating circuit, or similar to 
viscous resistance in a mechanical system. However, this similarity will not 
be assumed here, for two reasons; first, because such an assumption does not 
agree with experimental facts regarding the variation of hysteresis with frequency, 
and second, because the assumption leads to a very complex relationship be- 
tween logarithmic decrement and energy loss at fixed amplitude. Such com- 
plexity is hardly justified when the assumption leading to it is known to be 
incorrect. 

In our approach to this problem, we shall therefore make a simplifying as- 
sumption, namely, that in forced oscillation at constant amplitude and constant 
energy, F, the energy dissipated per quarter-cycle, D,,,, equals the energy 
loss per quarter-cycle in a damped oscillation of the same mean squared ampli- 
tude, or the same mean energy. Then, from Equation (4): 


(5a) D,;4=(1-—10-*/2)E,, 


in which E, is determined by: 


(1+ 10-K/2), 


E,+£,, 
(6) F= a 
From these two equations, D,,, can be expressed in terms of F. The energy 
loss per cycle, D, is 4D,,,, or 

1—10-4/2 


si eas 6S 


MEASUREMENT OF MODULUS 


Many of the recently developed hysteresis tests include measurement of 
the elastic modulus of the stock, usually determined in the form of Young’s 
modulus of a block of rubber under compression. The torsional hysteresis test 
has so far not been used extensively to measure modulus, although a measure- 
ment of the modulus of rigidity is possible, and has been made in a few cases. 
The additional observations required are the period or frequency of the oscilla- 
tion, and the exact dimensions of the test-piece. 

Calculation of the modulus of rigidity from these data involves an expression 
for the torque developed by a twisted rod of rectangular section. The necessary 
formula has been given by Love'. In the torsional test, the sample is elongated 
slightly by the weight of the pendulum. The elongation is, of course, dependent 
on the modulus of the stock. In the exact expression for modulus, there is 
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consequently a small correction term which depends on the weight of the 
pendulum. The resulting formula is: 


_3meIL (1+s)* mg (1+s) 


4b sgt? 4b af’ 








(8) M 
in which: 


a= cut thickness of the test-piece, 

b= cut width of the test-piece=width of the die, 

y= gravitation acceleration, 

J=moment of inertia of the pendulum, 

L=cut length of the test-piece, 

m= mass of the pendulum, 
M= modulus of rigidity of the sample, 

s= relative set in length produced in the sample, as measured at the end 

of the test, 
6 = —0.6274[ 1.0045 — (1— tanh ee itt 1, 


t= period of oscillation. 


Values of the shape factor, 9, for a/b=0.9 to 1.1 are given in the following 
table. 


TaBe II 
Suape Factor 
a/b ? 
C1 SERRE gts RGM es Crop Sete eo eet oes re er 340 
SDK EE AGS Shanes eke ne hoe anes 380 
SDN cd Gans aioe esa se whew kee eAS eo 422 
oc a ae ay 464 
SON Gi tonuustenuk Ses es cue ou eh Gas Ses 508 


The accuracy of the modulus determination in the torsional hysteresis test 
is limited by the fact that the die-cut sample does not have strictly straight sides. 
Highest accuracy would require moulding the test-piece, as is customary with 
most other hysteresis tests. 


ILLUSTRATIVE TORSIONAL HYSTERESIS DATA 


To illustrate the general usefulness and precision of the torsional test, some 
examples of experimental data will be given. Torsional hysteresis as a function 
of cure, expressed as T-50, is shown in Figure 4. The hysteresis passes through 
a long, flat minimum. The stocks employed in this test contained from 0.3 
to 0.75 parts of mercaptobenzothiazole in the following basic formula. Each 
compound was given a range of cures. 


eT OE os ts sawn benesse semua 100 
Zine oxide (Kadox brand)............ P| 
Zinc laurate (Laurex)..............06. 3 
IR er cea ie ik naeddawancn vena ear 3 


The variation of torsional hysteresis with the temperature during test is shown 
in Figure 5, giving the results obtained with a typical tread stock. Carcass or 
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Fic. 4.—Torsional hysteresis as related to the state of cure 
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gum stocks give a curve of closely similar shape but, of course, lying below the 
one shown in the figure. 

The rebound test for hysteresis has been employed and advanced as a selec- 
tive test for carbon blacks?. Theoretically, the rebound and the torsional hys- 
teresis tests should give very similar results, since in both tests the significant 
property of the sample is the relative energy loss in a damped cycle. A very 
close correlation is actually found experimentally between these tests, as is 
shown in Table III and in Figure 6. These samples were typical tread stocks, 
with different channel blacks in the same formula, containing 45 grams of 
black to 100 grams of rubber. 
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Fic. 6.—Correlation between torsional 
hysteresis and rebound. 


It will be observed that, to obtain close correlation between K and percentage 
rebound, it was necessary to make the torsional hysteresis tests on samples cut 
from the identical blocks of rubber used in the rebound tests. Torsional hysteresis 
tests on 0.25 cm. (0.1 in.) moulded slabs from the same raw stocks did not 
show close correlation. This comparison is an example of a very general ob- 
servation regarding carbon black stocks, which is that the variations in hys- 
teresis due to mixing and curing procedures are much greater than the errors 
in the hysteresis test itself. 

In regard to the ability of the rebound and torsional hysteresis tests to dis- 
tinguish between different stocks in this series, the results of statistical analysis, 
given beneath Table III, show equality. The ratio of range to twice the standard 
deviation is the selectivity test employed by Fielding?. The intraclass correla- 
tion*® is a more precise measure of the ability of a test to distinguish between 
samples. 
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According to Equation (4), we should be able to compute percentage rebound 
from torsional hysteresis, and vice versa. In the rebound test the deformation 
history constitutes only a half cycle. Then by Equation (4), we should have: 


(9) R/100=10-£, 


where R is the percentage rebound. For K=0.20, we find R=63 per cent. 
Figure 6 shows that the agreement with experiment is not very close. Pub- 
lished experimental data on frequency and amplitude effects on hysteresis fail 
to explain the discrepancy. The explanation seems to be that, in the torsional 
test, the law of constant damping factor is not followed strictly by tread stocks, 
the damping being appreciably smaller during the first half or full cycle than 
it is in the subsequent cycles. This implies that the rebound test would under- 


Tas_e III 
TorsionaL HystTerESIs vs. PERCENTAGE REBOUND 


K, torsional logarithmic 

decrement Goodyear 
f rebound * 
(percentage) 





Rebound blocks 








Carbon black r Moulded slabs 7 
oe ae SER aa ee nie nee ee 0.196 0.195 0.273 70.7 70.7 
MOU 9S x oieisaieae oa ane 0.200 0.198 0.249 69.6 70.7 
YC LS Cae ok nee ae 0.224 0.215 0.295 69.0 69.0 
SRIRNOED. ida ans wancanans 0.216 0.229 0.319 69.0 69.6 
oe ES TSE a eee 0.246 0.241 0.330 66.8 67.3 
LEME SS Se ere erenae ra 0.256 0.248 0.284 66.8 66.2 
Lo oC ae nore 0.266 0.257 0.307 68.4 69.0 
Pe UES a .cics Ga pees 0.264 0.267 0.284 63.7 64.1 
US a ae nr seaeerr a 0.266 0.276 0.347 65.1 65.7 
SE i bak onc os waa eae 0.276 0.274 0.319 65.1 65.7 
CLS | ae er 0.286 0.272 0.347 64.6 65.1 
PU Ae saa iwatsuisusoes 0.284 0.286 0.321 65.1 64.6 
Statistical Analysis: 

s, standard deviation...... 0.0055 0.40 

i RAMMED IS Chars ichira isn ed = 0.285 — 0.1955 = 0.0895 70.7 — 63.9 =68 

fy eG Foca wun ate 8.1 8.5 
Intraclass correlation ..... 0.969 0.970 


Coefficient of Correlation between K (on rebound blocks) and percentage rebound 
is — 0.903. 


* For these data we are indebted to W. B. Weigand of The Columbian Carbon Company, 


estimate the rate of energy loss in a tread stock subjected to continuous 
oscillation. 

As a specific example of compound development with the aid of the torsional 
hysteresis test, the series of tread stocks* in Table IV may be cited. These stocks, 
containing increasing amounts of reclaimed rubber, have the carbon black ad- 
justed to give the same Shore Durometer value. The torsional hysteresis test 
shows that it was possible to keep the hysteresis at a constant level. The 
Durometer, or modulus, being constant, this means that the rate of energy 
dissipation is the same for all four stocks, whether the cycle is one of fixed 
strain amplitude or fixed stress amplitude®. 


DISCUSSION 


The advantages of the torsional hysteresis test are obvious from what has 
preceded. The equipment is simple, the precision is high, and a test-piece can 
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TABLE IV 
RecLAIMED Russer TREAD Stocks 

SEASON, [Oo OND ER ge ee ee 100 88 76 64 
Ser ROMINA BUDD css ccwawesnvecadaaness 0 20 40 60 
SORRISIE TSee he ens once cb ciek ome es 45 43 41 38 
re oe a ee Si ea 3.5 2.9 23 iz 
Zine oxide (Kadox brand)................. 5 44 3.8 32 
[ACS ESS Se CEST ¢ a a 3.5 Bl 27 22 
BURUNDI DOC GA oS rial i A Eee cr 1 1 1 1 
Ie ae Siig ee Pw hae WER OER 1 73 62 51 
SN UERRR I ea aN re Ca Ly heres 5s 3 3 3 3 
IM CCGLLc think haces hese see ee 30 min. at 141° C (40 lbs. per sq. in. steam pressure) 
Shore durometer value...................- 60.5 61.5 61.0 62.0 
eS al of yee Ge (-) 28 |) Sn ere 0.093 0.095 0.092 0.092 


be cut from a sample of any shape. The main disadvantage of the test is 
the limitation on frequency, which must be low enough to permit direct ob- 
servation of the deflection at the end of each swing. With the apparatus as 
described, the period is usually from 10 to 20 seconds. However, in spite of 
this limitation, the test has been found very useful in compound development 
and in factory control work. 


REFERENCES 


1 Love, ‘‘Mathematical Theory of Elasticity,’ 8rd Ed., Cambridge University Press, p. 328. 
2 Fielding, Ind. Eng. Chem. 29, 880 (1937). 

3 Snedecor, “‘Statistical Methods’’, Collegiate Press, Ames, Iowa, p. 203. 

*W. S. Coe, private communication. 

® Cassie, Jones and Naunton, Trans. Inst. Rubber Ind. 14, 340 (1939). 














REACTIONS BETWEEN COMPOUNDING 
INGREDIENTS DURING VULCANI- 
ZATION OF RUBBER * 


E. C. B. Borr 


THE ANCHOR CHEMICAL Co., LTD., MANCHESTER, ENGLAND 


THE procedure for the complete analysis of a vulcanized rubber necessitates 
partial or complete destruction of the rubber, and therefore it is impossible to 
ascertain by chemical analysis the extent of any reactions which may take place 
between compounding ingredients during vulcanization. Thermodynamics, how- 
ever, may be applied to this problem; the following reactions may be treated by 
thermodynamic methods: 


ig te My |) ar (1) 
po ee | rrr eer rr rere (2) 
Py ee ee re (3) 
i ee | ene (4) 
M4 TEs BA + BO. oo ic ccccncccnscccons (5) 


It is desired to ascertain which of the reactions above can take place and the 
degree of completeness attained at 141.5° C, the temperature of steam at a 
gauge pressure of 40 lbs. per sq. inch. 

With decreasing proportions of sulfur used for the production of soft vul- 
canized rubbers, it becomes of greater importance to learn whether or not any 
of it participates in side reactions by combinations with other compounding 
ingredients. 

Litharge, although it is not now used so universally as formerly, is useful as an 
accelerator for dry heat cures; its combination with sulfur has long been known, 
and is allowed for when compounding a mix. 

It has been suspected that some zinc oxide reacts with sulfur to form zinc 
sulfide, but it is thought that the more likely reactant is hydrogen sulfide pro- 
duced by a side reaction between rubber and sulfur. 

The reactions of hydrogen sulfide at 141.5° C cannot be regarded as ionic 
reactions, for no liquid water is present at this temperature; they are assumed 
to be reactions which take place according to the law of mass action. Insufficient 
available data prevent the inclusion of the zine oxide reaction, analogous to 
reaction (1), with litharge and of the important reaction between zinc oxide and 
stearic acid. 

Thermodynamics concerns, among other considerations, the various forms of 
energy associated with chemical reactions, among which vulcanization may be 
classed. This science gives no information regarding the speed of a reaction; 
it only concerns its degree of completion under a given set of conditions. Values 
of the “free energy change” for the reactions above will be negative for those 


* Reprinted from Transactions of the Institution of the Rubber Industry, Vol. 16, No. 1, pages 35-42, 
June 1940. 
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which may occur and positive for those which do not proceed. The “free energy 
change” for a reaction is connected by equation (10) with the equilibrium con- 
stant which gives the degree of completion of the reaction. 

The following expressions are used in the calculations for the above reactions: 


eee sy a es a ee (6) 
Ei esas SSS RERENEAROET ERE ROMA REAY ORCS DS (7) 
I TREE vnc ves ieenck eesecievcerwversrepanone seeks (8) 

od T? 
Mean C,=a+ > + . Se eae ate CD ssc ieesb er aicweeseee agen (9) 
o 
AF° »= _RT Se pee eee eee Teer eT rer er ee rr eee (10) 
—2.303 RT log,, K, 
= POPD oo cicesccsceuscesssneeeseuscenseeess (11) 
PA-P 


where C and D are the products obtained from the reactants A and B; m, n, r 
and s being the number of molecules taking part in the reaction: 


mA+nB=rC+sD. 


A large positive value for log,, K, denotes a reaction which proceeds to com- 
pletion. Only gaseous products are concerned in the evaluation of K,,. 


NOMENCLATURE 


AF°,=The standard “free energy change” in calories in a reaction in 
which the substances take part at a pressure of 1 atmosphere 
and in their pure stable state at the absolute temperature, 7’, of 
the reaction. 

T = Absolute temperature = °C + 273.1. 

AH,=A constant indicative of the heat of reaction at zero absolute 
(calories per gram-molecule). 

AH 7= Heat of reaction at 7’. 

Aa, Ab, Ac=Sum of the respective constants of products minus reactants in the 
equations for molal specific heats. 

log, T= Naperian logarithm of temperature. 

I=The chemical constant for the reaction. 
AC,=Sum of specific heats of products minus reactants (calories per 
gram-molecule per degree). 
R=Gas law constant = 1.9885 calories. 
K,= Equilibrium constant at constant pressure for the reaction. 
Pa, Pg. ete.= Partial pressures of reactants and products respectively. 
2.303= Factor for conversion of common to naperian logarithms. 


DATA 


The standard free energy changes and molal specific heats, except Choo, 
which is obtained from U. S. Bureau Mines, Tech. Paper 445 (1929), are 
obtained from International Critical Tables (1930), and heats of reaction at 
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18° C are taken from The Thermochemistry of Chemical Substances, Bichowsky 
and Rossini (1936). 





Substance F° 098.1 Cp Hoy.1 
Srhombiec 0 412+ 0.00477' 0 
Smonoclinic 0 3.62 + 0.00727 0 
O, 0 6.76 + 0.0006067' + 0 

0.00000013 7" 
H.S — 7840 Equals CpH.0 — 5800 
H.0 * — §4507 Equals Cpu.s — 57801 
PbO (yellow) — 44896 11.25 + 0.00167 — 52060 
PbS — 12.20 — 22300 
PbSO, — 176500 25.07 — 218500 
ZnO — 75750 9.96 + 0.002987’ — 83500 
— 0.000000387 7" 
ZnS — — — 44000 
Substance AF 298.1. (joules per gram-formula-weight) 
S — 5220 
Pb — 12600 
Zn — 6470 
PbS — 109960 
ZnS — 199500 


Heat of transformation S,pompie > monoelinie At 368° abs.=7 calories. 


CALCULATIONS 
Mean Speciric Heat oF SULFUR 


= 0.0047 
Mean specific heat of Syhombic 9°-368° abs.=4.12+ —j— x 368=4.985 


Mean specific heat of Ssoncetinice) 368°-414.6° abs. 
0.0072... 
=3.62+ +" (3684 414.6) =6.44 
Heat of transformation S,,ompie—S monoclinie=/ Calories 
“. Heat absorbed by sulfur from 0° to 414.6° abs. 
= 4,985 x 368 +7 + 6.44 x 46.6=2142 calories 


2142 


“. Mean specific heat of sulfur = ——— =5.17 calories. 
414.6 


INSTANTANEOUS SpeciFIc Heat oF Zinc SULFIDE 


Data from International Critical Tables, Volume 5, given in joules per gram 
between —200° C and 400° C, were plotted on graph paper. Values between 
—100° C and 200° C lay on a straight line which was produced back to 
0° abs., at which the value was 0.46; therefore the equation for the specific 
heat is c»=0.46+aT. Substituting the value c,=0.486 at 273° abs., a=0.0000952. 


; 0.46+0.0000952T |... . ‘ 2 
Molal C, in calories= ——— —— (65.388 + 32.06) = 10.71 + 0.002227. 
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Mean Cy For SUBSTANCES 


Because some substances concerned in reactions (1) to (5) are solids, with no 
temperature increment in the expression for C,, and because of simplification of 
the calculations, the mean specific heat between 0°-414.6° abs. was used, equation 
(9) being used for the calculations. 


Substance Mean Cp (0° to 414.6° abs.) 
40, 3.38 + 0.0003037' + 0.000000047" = Sh 
PbO 11.25 + 0.00087 = 1158 
ZnO 9.96 + 0.001497’ — 0.000000129 7" = 10.56 
ZnS 10.71 + 0.001117 =i 


Free Enercy oF Leap SULFIDE AND OF ZINC SULFIDE 


Because, in the system of calculations adopted, the standard free energy change 
of elements is taken as zero at 298.1° abs., and because the specific heat of a solid 
compound is approximately equal to the combined specific heats of its con- 
stituent elements, it was decided to obtain the net AF,,,., for PbS and for ZnS 
by subtracting AF,,,, of the elements from AF,,,, of the compounds. The 


results are: 
AF 59g.; (joules) PbS= — 92140 ZnS = — 187810 


AF 49,., (calories) PbS=—22019 ZnS = — 44875 
Free EnerGy CHANGE AND LoGiw Ky For Reactions (1) to (5) 


4PbO+48=3PbS+PbSO, .......... cece eee eee (1) 


AP ® 99.1 = a ectbints = OF wenstuess 
= —3 x 22019— 176500— (—4 x 44896 -++0) = — 62973 


AH.,.1= BF. canets — OF cantante 
= —3x 22300—218500— (—4 x 52060+ 0) = —77160. 


Having thus obtained the standard free energy change and the heat of reaction 
at ordinary temperatures, equations (7) and (6) are used to obtain their respec- 
tive values at the temperature of steam at a gauge pressure of 40 lbs. per sq. in. 


AC,= AC; products —4C, reactants 
=3 xX 12.204 25.07 — (4x 11.58+ 4x 5.17) = — 5.38 
AHoo1..= AH, —5.38T. 


Substituting AH,,,,,= —77160 and T=291.1 in this equation, AH, can be found. 
AH,=—77160+5.33 x 291.1= — 75608. 
Therefore equation (6) becomes: 
AF° p= —75608 +. 5.33T log, T+IT. 


A value of AF°, at 298.1° abs. having been found, substitution in the last equa- 
tion will give a value for J. 


298.1] = — 62973 + 75608 —5.33 x 298.1 x 2.303 x 2.47437 
I= 12.0 
+ AF°»= —75608+5.38T log, T+12.0T......cceeeeeccccceces (12) 
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Inserting the temperature of 414.6° abs., into this equation, the free energy change 
at that temperature is obtained. 


AF ° 4144.6 —75608 +5.33 x 414.6 x 2,303 x 2.6173 + 12.0 x 414.6 
= —57313. 


Substitution in equation (10) gives a value for log,, K, at 414.6° abs. 





, AF ° 414.6 _ AF ° 434.6 
—lo8io' k= 3303RT — 57877 
57313 
o SN | al! 

logio Ky= Fa797 x 4146 9 


This large value for the logarithm of the equilibrium constant denotes that the 
degree of completeness of the reaction is very great indeed, the concentration of 
the reactants at equilibrium being, for practical purposes, nil. 


ee Pe re (2) 


Here the same method of solution is adopted as for equation (1); therefore only 
the essential figures are given. 


AF ° o99.1= — 22019 +0— (—44896 + 0) =22877 
AHy51.14 = — 22300 +0— (—52060 +0) = 29760 
AC, = 12.20+3.51— (11.58 4-5.17) = — 1.04 
AH ,=AH,,, ,+1.047 =29760 + 1.04 x 291.1=30063 
AF° p= 30063 + 1.047 log, T+/1T 
298.1] = 22877 — 30063 — 1.04 x 298.1 x 2.303 x 2.474387 
I= —30.0 
AF p= 30063 +1.04T log, T—30.0T ..........cceecesceccceceeecs (13) 
AF? ,14.4= 30063 + 1.04. 414.6 x 2.308 x 2.61763 — 30.0 x 414.6 =20224 


20224 


log pos 4.6° = — —_ 
08,9 K, at 414.6 4.5787 x 414.6 


= —10.65 where Kp=p4,, - 
The negative value for log,, K, shows that this reaction only takes place to a 
very small extent. 

po  . ” | rr (3) 


AF° ox. = —22019 — 54507 — (—44896—7840) — — 23790 
AH v1.1 = —22300—57801— (—-52060—5300) = — 22741 
AC, = 12.20-+ Cyr — (11.58 + Cyszog) = 0.62 
Note Cpr20= Cones 
AH, = AH oo3., —0.62T = — 22741 —0.62 x 291.1= —22921 
AF? p= —22921—0.62T log, T+IT 
298.17 = — 23790 + 22921 + 0.62 x 298.1 x 2.308 x 2.47437 


I=0.62 
AF° p= —22921 —0.62T log, T+0.62T........cccccecssssceeeees (14) 
AF ® 444.6 — 22921 —0.62 x 414.6 x 2.303 x 2.61763 + 0.62 x 414.6= — 24213 
24213 , 
logioKp at 414.6= ; = 12.76 where K,= PH20 





4.5787 x 414.6 PH2s 
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The reaction is practically complete, hydrogen sulfide being destroyed. 
ee | (4) 


AF ° o9s.1= —44875+0— (—75750+0) =30875 
AH91.1= —44000+0— (—83500+0) =39500 
AC, =11.17+3.51— (10.56+5.17) = — 1.05 
AH, = AH oo. +1.05T =39500 + 1.05 x 298.1 =39806 
AF° p= 39806 + 1.05T log, T+1T 
298.1] = 30875 — 39806 — 1.05 x 298.1 x 2.303 x 2.47437 


I= —35.9 
AF° p= 39806+1.05T log. T—35.9T.......ceccccccecececeees (15) 
AF® 414.6= 39806 + 1.05 x 414.6 x 2.303 x 2.61763 — 35.9 x 414.6 = 27329 
> 27329 : 
logo K, at 414.6=— 4.5787 x 414.6 = — 14.4 where Kp=Pi0, 


e 
No measurable reaction takes place between sulfur and zinc oxide. 
OP TSE FE onc ccccvensvcccccvcans (5) 


AF 195.1 = —44875— 54507 — (—75750—7840) = — 15792 
AH 91.1 = —44000— 57801 — (—83500—5300) = — 13001 
AC ,.= ] 1 a7 + Cyn20 ait 10.56 — Cones =0.61 
AH, = AH o9;.,—0.61T = — 13001 — 0.61 x 291.1= — 13179 
AF° = —13179—0.61T log, T+1T 
298.17 = — 15792 + 13179 + 0.61 x 298.1 x 2.303 x 2.47437 





I=6.01 
AF o= —13179—OG1T log, T—GOIT ....- ccc ccccccccccccces (16) 
AF*® ,54.¢= —13179—0.61 x 414.6 x 2.303 x 2.61763 — 6.01 x 414.6 = — 17193 
. 17193 : Pre0 
log at 414.6°= —_______ — 9.06 whe = —. 
019 K, at 414.6 43787 x 4146 06 where K, ae 


This value of log,, K, indicates that the reaction proceeds to a large extent in 
favor of the disappearance of hydrogen sulfide. 

Equations (12) to (16) are considered to be valid for the range of tempera- 
tures at which vulcanization generally takes place. 


CONCLUSIONS 


The calculations indicate that reactions (1), (3), and (5) can take place and 
proceed to virtual completion, whereas reactions (2) and (4) are not possible. 
They indicate also that the addition of extra sulfur to mixes containing litharge 
is necessary, and is in accordance with a custom long established empirically. 
It is evident that oxygen or nascent oxygen is not formed by any of these reac- 
tions; therefore no accelerated aging can take place by reactions between sulfur 
and litharge or zine oxide. One peculiarity is that, although sulfur will react 
with litharge according to reaction (1), it appears that no oxygen is evolved 
by reaction (2), one possible reason being that the formation of lead sulfate 
takes place with a large decrease in free energy and is therefore readily formed. 
A possible explanation of the reaction between litharge and sulfur is that reaction 
(2), a possible first stage in reaction (1), is made to proceed to the right by the 
readiness with which lead sulfate can be formed. With respect to the reactions 
of zinc oxide, the assumption that zinc sulfide is formed by the action of 
hydrogen sulfide appears to be true. 
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From the calculations of the free energy changes at 25° C for reaction (1), it 
is seen that the reaction will proceed spontaneously at this temperature; how- 
ever, the probable velocities of reaction are very small at 25° C and at tempera- 
tures attained on the mill. Reactions (3) and (5) will likewise take place at 25° C 
in the presence of hydrogen sulfide; but, as this gas is only generated during the 
vulcanization processes, no reaction will take place at 25° C or during mixing 
of the compound. 

In the above calculations, reactions between pure substances have been con- 
sidered, whereas many ingredients are present in modern mixes. Only a small 
amount of heat is liberated during the rubber-sulfur reaction which produces 
soft vuleanized rubber; therefore it is not expected that this vulcanization reaction 
will affect adversely the conclusions given above. 

It must not, however, be assumed that the reactions here shown to be pos- 
sible will proceed to equilibrium during the time allowed for the vulcanization 
process. 

The author wishes to thank the Directors of The Anchor Chemical Co., Ltd., 
Clayton, Manchester, for permission to publish this communication. 











THE PARTICLE SIZE AND SHAPE OF 
COLLOIDAL CARBON AS REVEALED 
BY THE ELECTRON MICROSCOPE * 


CoLUMBIAN CARBON CoMPANY RESEARCH LABORATORIES 


CoLUMBIAN Carbon ComPaANy, 41 East 42np St., New York, N. Y. 


1. REVIEW OF PREVIOUS WORK 


MICROSCOPY 


In 1920, Wiegand! reported the specific surface for various pigments, and 
for carbon black gave a value of 1,905,000 square inches per cubic inch. This 
value was obtained by assuming spherical habit and a particle diameter of 
8Omu. The latter was based on microscopic studies carried out in the same 
laboratory by R. D. Gartrell, who was apparently the first to devise an im- 
proved mounting technique, thereby diminishing the problem of flocculation, 
which prior to that time had largely vitiated the results of microscopic and 
ultramicroscopic investigations of this pigment. The method of Gartrell? was 
in outline as follows: 

“A small amount was dispersed on a slide with amyl acetate containing approxi- 
mately 0.25 per cent nitrocotton. The specimen was continuously mulled with a 
spatula until the solvent evaporated. The nitrocotton seemed to fix the defloc- 
culated carbon black, preventing reagglomeration.” 

Not until about ten years subsequent to Gartrell’s work, which was carried 
out in 1917 and 1918, did further advances in technique make possible the 
lowering of the estimated particle size by Barnard, as reported by Wiegand!?. 

In 1922, North * referred to the size and shape of the carbon black ultimate 
particle in the following language: 

“For example, Micronex carbon black, which is by far the finest product 
commercially available at present, has a fineness of division of less than 0.1u. 
Moreover, it is reasonable to suppose that its surface is not merely that of 
a spherical particle, but probably is something of the nature of a feather.” 

In 1923, Spear* examined carbon black microscopically as well as ultra- 
microscopically, and from these observations, together with other correlated 
tests, reached certain definite conclusions regarding the size and shape of 
carbon black particles. . 

“Carbon black when dispersed in a suitable liquid medium, viewed in the ultra- 
microscope or in dark ground illumination, reveals a considerable portion of 
particles that are in rapid Brownian movement. On the other hand, there is 
a very great variety in the diameter of the various particles present. Some 
are large enough to be seen quite readily with the oil immersion and magnification 
of less than 1000. That is to say, the particle size in the different varieties of 
a technical carbon black generally differs very greatly. Whether the larger 
particles are real individuals or whether they are merely agglomerations of 
smaller particles is not known definitely. It is probable, however, that both 
large entities and agglomerations are present. The average diameter of the 


*A reprint of Vol. II of Columbian Colloidal Carbons, published in 1940 by the Columbian Carbon 
Company. 

















DIMENSIONS OF COLLOIDAL CARBON 53 
particles differs from 0.1-0.2u up to about 0.6u, for different samples of technical 
earbon black procurable on the market... . 

“Tt seems probable that this surface of the most valuable types of carbon 
black may resemble a burr rather than that of a marble. In other words, the 
particles are very deeply serrated so that the actual surface is very much 
larger than the diameter measurements would indicate.” 

It would appear that Spear was unsuccessful in eliminating the flocculation 
of his specimens, with the result that the values he deduced were high. Never- 
theless, Spear made an important contribution to the subject, his conclusions 
being widely quoted by other writers e. g., Endres®, Schidrowitz®, Pickles’, 
Dawson’, Twiss®, Norris!®, and others. 

Also in 1923, Green'! published the results of careful research with the 
microscope using ultraviolet illumination. Green laid down four essential 
conditions for the proper mounting of carbon black specimens. These were: 

“1. Proper particle density. 

2. Correct proportion of the largest and smallest particles. 

3. Suitable dispersion. 

4. All particles in a single plane.” 

Employing this technique, Green reached the following conclusions: 

“This substance is one of the most difficult subjects for microscopy. . . . In 
size it is about 0.15u. Gas black has very strong tendencies to flocculate in 
all media and consequently it is not easy to obtain a well-dispersed mount of 
it. All gas black contains large lumps of undispersible material which are 
probably adamantine. On the other hand, lampblack particles . . . are noticeably 
larger than those of gas black, about 0.3u to 0.4.” 

It would seem that, despite his precautions, Green was dealing with flocculates 
and not with ultimate particles, and that this accounts for his final value being, 
like Spear’s, too high. 

In 1927, Barnard reported in a private communication to Wiegand? that 
he had established by means of the ultraviolet microscope that the size of 
the carbon black particles was definitely below his limit of resolution, 2.e., 
below 80 mu. Compelled to resort to other means, Barnard, through the ap- 
plication of ultrafiltration and counting, arrived at a figure of between 50 to 
60 mu as the most probable particle diameter. The Barnard figure was widely 
accepted, and was five years later confirmed by Gehman and Morris'®, employ- 
ing a counting method. 

In 1926, Spear and Moore’, using a magnification of 1500, examined micro- 
sections of rubber mixings containing carbon black, but were unable to add 
anything new to the question of ultimate size and shape of the particles. They 
reached the unchallengeable conclusion that: 

“Carbon black is a complex substance physically containing particles and 
aggregates which differ greatly in size and probably also in shape.” 

The microscopic approach provided no accurate answer to the problems of 
either particle size or particle shape, the conjectures of North, Spear and 
others as to feather or burr-like structure being based on other than direct 
experimental evidence. . 


ULTRAMICROSCOPY 


The ultramicroscope reveals the presence of particles below the resolving 
power of the microscope, but tells nothing of their size or shape. These par- 
ticles are rendered visible due to the scattering of light. When the particles 
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are in Brownian movement a twinkling effect occurs as a particle periodically 
enters the focal plane of the microscope objective. In more viscous colloidal 
solutions, the Brownian motion can be largely eliminated, thereby permitting 
counting of the particles as points of light in a dark field. Various investigators 
have studied carbon black suspensions ultramicroscopically, and have sought 
to evaluate particle size and shape characteristics from their observations. 

In 1923, Thiessen‘ in a discussion following Spear’s paper stated: 

“Every carbon black and every substance that is composed of carbon at all 
has one and the same unit particle. I mean the primary particle. It is an 
oblong particle as far as I can tell anything about it. I believe the carbon 
[black] particle is an oval... .” 

In 1928, Goodwin and Park'* considered the twinkling effect of carbon par- 
ticles in Brownian movement to constitute evidence of their anisotropy: 

“When the particles are in sluggish, Brownian motion, they give rise to a 
twinkling effect, interpreted as due to their turning end over end, with a 
consequent variation in light intensity. The difference in the position of the 
stress-strain curve of rubber samples cut with and across the calendar grain 
indicated anisotropy. . . .” 

In 1929, Grenquist!® dispersed several 0.1-gram samples of gas black in a 
mixture of ether-aleohol (50: 50), with 0.01 per cent of saponin as protective 
colloid, allowed the dispersion to stand for 12 hours to permit sedimenta- 
tion of undispersed and aggregated material, and then examined the liquid 
ultramicroscopically. 

“It was found that the suspensions apparently contained individual, prac- 
tically spherical particles which were estimated to range in an order of magni- 
tude from about 15 to 200 mu. The actual shape of the particles was studied, 
using an Azimuth stop. It was found that the suspensions contained both isotropic 
and anisotropic particles, the anisotropic having a much greater tendency to 
aggregation than the isotropic.” 

In 1930, Parkinson'’® studied the particle size distribution of American gas 
black ultramicroscopically and wrote: 

“Investigations now proceeding on particle size distribution confirm the 
observations of Grenquist on the upper limit of 200 mu and show a a considerable 
proportion of the material to consist of particles smaller than 50 mu in diameter.” 

It seems probable that the greatest contribution of ultramicroscopy to this 
problem has been its ability to reveal particles in count methods. Accurate size 
and shape determinations are not possible by direct ultramicroscopic observa- 
tion, and values so obtained must be accepted with reserve. 


ULTRAMICROSCOPE—COUNTING METHOD 


In the counting method the individual dispersed particles are revealed by 
the ultramicroscope, counted, and their equivalent average diameter is calcu- 
lated from known values of the density and weight of the material in the dis- 
perse phase. Barnard included this technique, arriving at the particle size 
values reported by Wiegand!? Peterfi'? in 1927 employed Perrin’s method of 
counting the particles in a dark field, and determined the average particle size 
of three samples of German carbon black as 124, 106 and 83 mu, but pointed 
out that these values made no claim to mathematical exactness. In 1930, 
Peterfi!® gave 50 mu for the average diameter of gas black. 
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The first investigators to perfect this method and to apply it quantitatively 
to a range of carbon black samples were Gehman and Morris in 1932!® The 
carbon black was dispersed in rubber, remilled several times, and made into a 
xylene cement when deflocculated. Complete dispersion in the rubber was 
confirmed by microscopic examination, using the squeeze-out method. These 
cements contained 1 per cent of carbon black and 4 per cent of rubber by weight. 

“The suspensions for counting were prepared by dispersing one or two drops 
of the xylene cement in .an appropriate weight of Nujol, the amounts being 
carefully weighed on an analytical balance. 

“After standing a day or so with occasional shaking, complete dispersion was 
obtained. These cements are highly useful for counting, since Nujol itself is 
optically empty and the Brownian motion of the particle is almost completely 
stopped. Since rubber itself is not optically empty, a blank rubber cement 
was dispersed in Nujol at a somewhat higher concentration than that used for 
counting, the count averaging less than one particle per field, owing to the 
high dilution. The concentrations of the Nujol cements for counting were ad- 
justed so as to yield as near 20 particles per field as possible. Usually twenty 
fields were counted and the averages obtained were duplicable.” 

The ultramicroscopic arrangement is described as follows: 

“The Zeiss cardioid ultramicroscope consists of a cardioid dark-ground con- 
denser, a fused quartz counting chamber with holder, a 3-mm. glycerol immersion 
objective having a maximum N.A. of 1.0 with an iris aperture stop, and a 30x 
positive eyepiece all readily adapted to any microscope equipped with a sub- 
stage rack. A clock-feed carbon are with a water-cell heat filter was used for 
the illuminating system. 

“For estimation of the particle size, a restricted volume of known dimensions 
is necessary. This was obtained by inserting in the ocular an Ehrlich stop 
giving a field 0.0163 mm. square. The depth of the cell was measured by 
focusing and was found to be 5.0u.” 

Due to the general interest in this method, a typical calculation for Micronex 
Gas Black (from Gehman and Borris) is included: 


SAMPLE CALCULATION WITH MIcrRONEX GAs BLACK 


Wt. of xylene cement, 1% black by wt. (gram)...............0cccceeccccees 0.0229 
STR RG TT TE C1 en ee ee 49.1335 
eg oka had NGNS NECA NEMA A VAR RRS RVARES eOwaORe 0.8848 
CEES a Ci) CaS OCR a eT aaa ee ee aca orn eee 1.80 
Raat POMICIAS: MAINE LER OT TOs oc: piex9re <alere,raiein och: er'e: Qe. bree a ala aiisrotoveield ww later acieieenss 25 
1 2 60V 
P= d0001 V zon 


where D = average diameter in uy. 
C = concentration of pigment, grams per cc. 
V = volume of field counted 
p = density of pigment 
n= average count 
3 |6 (0.0229) (0.01) (0.8848) _ 
p—— 1—.| (49.1335) (0.00163)?(0.0005) 
Gaus (3.1416) (1.8) (25) 


D= 0.061 u 


It is observed that this value of 61 mu is essentially equal to the Barnard value 
for a similar type of carbon. Both results are lower than those given by direct 
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microscopic or photomicrograph methods because the limit of resolution for 
the microscope is about 200 mu for visible light and 80-100 mu for ultraviolet 
light, compared to the possible ultramicroscopic perception of particles as 
small as 1 mu. However, since the Gehman and Morris result is based on detec- 
tion rather than on resolution of particles, there remains the doubt whether 
all of the particles counted were ultimate particles. Likewise, their calculations 
based on particle weight would tend to give a somewhat higher mean particle 
diameter than those based only on size distribution. 


X-RAY 


x-Ray diffraction investigations on carbon black have been employed to 
evaluate the ultimate structure of the particle, that is, the extent of crystalline 
or amorphous character, with the hope always evident that these studies might 
reveal some knowledge of the ultimate size and shape of the carbon particles. In 
general these attempts have given interesting information on structure, but few 
valid data on actual particle size and shape. The limitations of x-ray methods 
in this type of study have been clearly stated by Parkinson’®. 

“But whether the particles are crystalline or amorphous, x-ray analysis can 
tell nothing about their actual shape. The geometrical form of a crystal is not 
necessarily related to its crystalline form, the latter being an inherent property 
of the material, and dependent on the arrangements assumed by the molecules 
themselves—the so-called space lattice of the crystal, whereas the external 
shape, although influenced by the internal pattern and spacing, depends more on 
the conditions under which the crystal grows. Thus it is possible for a crystal 
in the cubic (or regular) system io assume an elongated form, because it is 
freer to grow more in one direction than in any other. Such a crystal particle 
a rubber technologist would term anisotropic, whereas in the optical sense it 
is isotropic, since light travels through it with the same velocity in all directions. 
On the other hand, optically anisotropic crystals, though usually elongated or 
flattened due to unequal lengths of axes, may be sufficiently near equidimensional 
to be termed isotropic in the geometrical sense.” 

In 1917, Debye and Scherrer?® in a preliminary study on amorphous carbons 
concluded from x-ray analysis that there is no essential difference between 
amorphous carbon and graphite (which crystallizes in the hexagonal system), 
the amorphous varieties being merely in a finer state of sub-division. Asahara?? 
arrived at similar conclusions, and stated that carbons produced by the de- 
composition of certain gases or vapors, such as carbon monoxide, acetylene, 
carbon disulfide and coal gas, show no sign of definite crystalline form, but 
give interference figures which seem to establish their crystalline nature. Some 
indirect support is given to these views by the researches of Lowry and Morgan??, 
who have succeeded in preparing finely divided graphite with an adsorptive 
capacity of about one-third that of charcoal, graphite in the ordinary state 
being nonadsorptive. 

Pickles? reported work carried out for the Rubber Research Association by 
the Radiological Depa:tment at Woolwich Arsenal on various carbon blacks, 
in which: 

“It was found that acetylene black, American gas black and oil black, all 
exhibit much the same x-ray spectroscopic characters, and that they probably 
all consist of mixtures of the crystalline and amorphous varieties of carbon, al- 
though the percentage of crystalline structure is greater in the acetylene blacks 
than in the others.” 
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Clark?* considered that x-ray patterns show a continuous change from a 
practically amorphous state to a crystalline graphitic state, according to the 
particle size of the black. This conclusion is supported by the observation that 
there is a continuous broadening of the lines till these merge and spread over 
the entire film. Later the stage of elementary organization in amorphous carbon 
was designated paracrystalline, or as described by Clark**, 

“An activated charcoal producing an essential amorphous pattern had cer- 
tain characteristic chemical and physical properties which changed over to 
those of graphite upon brief heating at 1100° C. The x-ray pattern, however, 
was unchanged, since no lines appeared. The great activity of the original 
charcoal was ascribed to the free valences of disorganized carbon atoms. Upon 
heating, the solid phase being retained throughout, these began mutually to 
attach themselves to satisfy these bonds and to form crystal planes of graphite, 
which were still too few and bent to permit interference of rays, though the 
properties were typical of graphite. This state of elementary organization was 
designated paracrystalline.” 

Goodwin and Park!‘ reported the results of preliminary x-ray examination 
on five samples of carbon black by W. G. Wykoff, in which the conclusions 
reached were in essential agreement with the results reported by Pickles’. 

“All samples give the same type of pattern, with a breadth of line which 
follows the estimated order of particle size given above. [Order of increasing 
size was Super-Spectra, Micronex, Goodwin and Charlton about equal, Therma- 
tomic.] Thermatomic is very much sharper than any of the others, and shows 
several additional lines, which may not be new ones but brought out by the 
sharpening of the diffraction pattern.” 

The x-ray results reported by Grenquist!® on various types of black dispersed 
in rubber added little to the conclusions already reached: 

“Practically identical patterns were obtained in all cases, probably due to 
a superimposing of rubber and pigment patterns, and it was not possible to 
discriminate between the different samples, although the particle size of the 
various blacks probably ran from an average of 0.1 to 0.4u. It also seems 
that the x-ray method gives indications only in regard to the ultimate unit 
particle or crystal, but not in regard to its distribution or dispersion. The 
same patterns were obtained both when the pigments were well and poorly 
dispersed.” 

On the other hand, Raman?* has stated that: 

“Careful studies by Krishnamurti of the x-ray patterns of sugar charcoal 
and lampblack prove conclusively that these substances do not possess any 
crystalline structure.” 

Warren2* reached the following conclusions from an x-ray study of carbon 
black: 

“Carbon black is not a truly amorphous form of carbon. The existence of 
single graphite layers is very definite and therefore the material is at least 
mesomorphic. The diffraction data indicate a heterogeneous mixture contain- 
ing particles which range from single graphite layers up to graphite crystals 
several layers thick. The size of the grains will vary widely from one sample 
to another, depending upon the method of formation, and it is probably true 
that carbon black comprises a continuous series extending from the mesomorphic 
to the crystalline state.” 

Randall and Rooksby?? also showed this gradation from a so-called om 
to the crystalline carbon. 
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Wilm and Hofmann?’ measured the smallest regularly formed crystals (crys- 
tallites) in uncoked lampblack and active charcoal, and obtained axes measure- 
ments of 10x 20x20 A. U. More recently Clark and Rhodes?’ compared x-ray 
data with microscopic data on a series of carbon blacks, and admitted from 
the comparison that the x-ray and the microscope measure two entirely differ- 
ent structural units in carbon black. There was, however, some indication 
of correlation between microscopic size and x-ray diffraction size as revealed 
by their data tabulated below: 


x-Ray diffraction size 
A 





Particles 


Microscopic ‘altitude Base per 
Sample size (x) (A) (A) aggregate 
G 1—Special rubber black............ 0.045 15.4 216 3.2 X 10° 
See EOI nig svc swsosn a secuws 0.064 15.9 18.9 9.2 x 10° 
bh > SVR ee a eer see 0.160 21.0 24.7 6.4 x 10° 
G4—Super-Spectra .............000- 0.025 14.4 16.4 8.1 x 10 
eS ee er ee 1.120 18.6 25.3 2.4 x 10° 


The reader is also referred to the works of Randall*®, Koch-Holm*!, Hofmann 
and Hofmann*®?, Hofmann and Wilm**, Hendricks*t, Oshima and Fukuda*’, 
Berl, Andress, et al.3¢, Hofmann and Lemcke*’, and others for further experi- 
mental x-ray results on various forms of carbon. 

From the foregoing review it would seem to be established that some ordered 
arrangement exists in the molecular structure of the carbon black particle, 
resulting in an x-ray diffraction effect. This arrangement has been labelled 
“naracrystalline state”, “mesomorphic state”, “crystallites”, and by various 
other terms, all designating some structural unit, smaller than the particle itself, 
which constitutes the beginnings of the crystalline state. It is generally recognized 
that these “crystallites” are smaller than the ultimate particles, and that x-ray 
studies cannot reveal the size and shape of the latter. However it is possible 
that these “crystallite” sizes show some degree of correlation to particle size. 


ELECTRON DIFFRACTION 


Electren waves resemble x-rays in that they produce diffraction patterns of 
solids, liquids and gases, thereby permitting an analysis of solid matter by a 
study of its erystal or lattice structure. The two commonly employed methods 
for securing electron diffraction patterns have been (a) transmission, where 
the electron beam passes through a thin film of the specimen, is diffracted, and 
the scattered beam allowed to impinge on a photographic plate, and (b) reflection, 
where the electron beam is scattered by “reflection” and these scattered rays 
are analyzed by a Faraday cylinder. For a detailed description of electron 
diffraction the reader is referred to Randall*°. 

Mongan** studied the particle size of amorphous carbon by the electron 
diffraction method of Debye-Scherrer. Using MgO for the calibration of the 
apparatus, the size of the particles of amorphous carbon was determined to 
be 30 A. U. from the breadth of the diffraction rings. 

Trendelenburg®® dusted the carbon preparation on a thin metal gold foil 
stretched over a circular opening in a metal plate, and rotated the plate 
so as to bring all parts of the dusted surface in the path of the electron beam. 
From the Debye-Scherrer circles thus obtained, the size of the Micronex carbon 
black erystal unit was calculated to be 50 A. U. Subsequently the same worker*® 
improved the foil method of mounting the specimen by using spiderweb or 
thin animal membranes as carriers for the powdered materials. He found that 
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Super-Spectra, Supranorite 26, soot of resinous wood, Active Charcoal 1V and 
Micronex all have similar diffraction patterns, of which the most prominent 
rings correspond to lattice dimensions 3.54, 1.97 and 1.11 A. U.*!) *. These 
lattice dimensions were essentially substantiated by Jenkins*!. 

Trillat4? used a simple apparatus with which the diffraction patterns could 
be seen on a fluorescent screen in daylight. Results were reported for carbons 
among other substances. With electrons, definite graphite patterns were obtained 
even for carbon blacks with grain size of the order of 50 A. U. It was also 
shown that the carbon identity period increased from the true graphite value 
as the crystal size decreased. 

The electron diffraction results confirm the x-ray diffraction picture of 
carbon black. They reveal some lattice structure of the graphite type, with 
the individual grains, analogous to the crystallites of the x-ray, of the order 
of magnitude of 50 A. U. As with the x-ray, electron diffraction furnishes an 
insight into the molecular structure of carbon black, but affords no clue as 
to its particle size and shape. 


OTHER METHODS 


Other methods for determining the particle size and shape of colloidal pig- 
ments, including carbon black, have been investigated from time to time 
with varying success, and because of their general interest in this problem, are 
briefly reviewed. 


SETTLING OR SEDIMENTATION 


Direct sedimentation and elutriation methods have been successfully ap- 
plied in the particle size distribution analysis of coarse pigments, but have 
not proved so successful in the study of colloidally fine pigments. Where this 
general principle is employed in the study of fine pigments, it is necessary 
to supplement the gravitational settling effect by such means as the centrifuge 
or by neutralizing the Brownian movement with an imposed electrical velocity. 

Evers** has described a method for the sedimentation analysis of pigments, 
consisting essentially of a Wiegner sedimentation apparatus and a method for 
transposing experimental values to histograms in which percentage of pigment 
is plotted against particle radius. Carbon black gave a modal value of about 
25u, a result obviously out of line. Undoubtedly the carbon used was poorly 
dispersed, this high value representing flocculates. An improved sedimentation 
apparatus of the same type was employed by Kelly*‘ in a particle size analysis 
of barium sulfate. Beeman*® has reported a further modification of the Kelly 
apparatus for measuring the size of suspended particles. Calbeck and Harner*® 
have described a method analogous to that used by Kelly. Other references of 
interest are those of Andreasen and Lundberg‘*, Andreasen*’, Krezil*®, Szinger 
and Weil®®. 

The Klein and Parrish™! elutriation method has been widely quoted in par- 
ticle size discussions as a means for determining the size of carbon black pig- 
ments. This method involves the use of an improved Brimsdown apparatus 
(developed in the laboratory of the Brimsdown Lead Company, Ltd.) which 
consists essentially of four elutriators for separating the pigment fractions 
and obtaining size distribution curves. It seems improbable that this method 
would prove successful with properly dispersed carbon black. In their paper 
the above authors have recorded the size of various particles as tabulated by 
the Plauson Co., carbon black in this table having a diameter of 20 to 10 mu. 
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The use of centrifuge methods, and particularly the recently developed and 
improved ultracentrifuge, in particle size determinations has become increasingly 
important in recent years. Although no actual size data on carbon black pig- 
ments have been reported, the comments of Mader and Schwerdtfeger®, 
Svedberg®* and others are of interest. According to Svedberg®* the ultracentri- 
fuge is useful in the study of the molecular weight and structure of complex 
natural and synthetic materials, such as proteins, enzymes, carbohydrates, poly- 
hydrocarbons, polystyrenes, dyestuffs and other synthetic organic compounds 
as well as inorganic colloids and inorganic salts. The molecular weight, the 
shape of the molecule, the homogeneity or heterogeneity, the particle size dis- 
tribution and many other physical constants of complex materials are determined 
by measuring the sedimentation equilibrium, sedimentation velocity, diffusion 
constant, etc., with the ultracentrifuge. 

Burton®+ has described a method whereby an imposed alternating electrical 
velocity on a gold sol in a cataphoresis tube permitted gravitational velocity to 
assert itself, thereby enabling a particle size calculation of the colloidal gold 
from Stokes’ formula. This method was employed in these laboratories, using 
a specially designed cataphoresis apparatus®® with carbon black dispersions 
prepared in water. Results gave particle diameters for several standard carbon 
blacks of the order of 100 mu. The method appears to have possibilities, but 
requires further refinement. 


TuRBIDIMETRY 


Various methods for determining particle size, based on the opacity of a 
pigment suspension, and the measurement of this obscuring power, have been 
described in the literature. A related method is to measure the diffusion or 
scattering of the light by a colloidal pigment suspension, employing the general 
principles of light scattering investigated by Rayleigh and others. In the ma- 
jority of cases pigments other than carbon black have been studied although 
the method can be adapted to these pigments as well. 

In the obscuring power method of Vogt®*, the depth of suspension necessary 
to obscure a lamp filament was used as a measure of particle size. Stutz and 
Pfund®* used an apparatus in which the amount of light transmitted by a 
suspension was photometered and used as a measure of the average particle 
size of the suspended material. Results were obtained on a series of zinc oxide 
pigments. A microturbidimeter has been described by Conklin®® for use in 
standardizing pigments with respect to particle size. The microturbidimeter 
described by Gehman and Ward®® was used by Gehman and Morris!® in a 
study of rubber pigments including carbon black. This instrument of the 
extinction type was calibrated by the particle size results obtained with the 
ultramicroscope-counting method. Curves showed that the turbidities of suspen- 
sions of zine oxide and carbon black varied with the average particle size, con- 
centration, and wave length of light used. 

Stutz®° and Andreev*! have also studied the scattering of light by pigments 
of small particle size and found relations between Rayleigh scattering and par- 
ticle size. Stutz investigated the diffusion of light by zine oxide in a range 
of particle sizes, and found that Rayleigh scattering rapidly diminished and 
reflection and refraction effect increased in importance with increasing particle 
size. Andreev studied rosin sols and stated that Rayleigh’s formula for light 
scattering, under constant conditions, reduced to J=KVv?, where J is the 
scattering, V the number of particles, v the volume of particles and K a constant, 
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whence from J and K the particle size can be calculated. Above a certain size, 
light scattering ceases and reflection occurs. The formula changes to J/=KVs, 
where s is the surface. This point of change from scattering to reflection was 
determined by the addition of KCl to the rosin sols, and found to be 0.153, 
which agreed with the calculated value. 


ADHESION TENSION 


Gehman and Morris’? have demonstrated that an estimate of the average 
particle size can be made from data on pore radii of carbon black diaphragms 
used in adhesion-tension measurements. Using such data from Bartell and 
Smith®?, they calculated the limits of particle size for a series of carbon blacks 
on the assumption of cubic and hexagonal packing. These particle size calcula- 
tions resulted as follows: 


PARTICLE SIZE FROM Pore Rapit MEASUREMENTS 


Limits of particle size 
A. 





Pore Hexagonal Cubic 
radius packing packing 
Carbon (mz) (mz) (mu) 
AEPIATHM ENE hors Sivares a here ealeieuters 79.3 316 204 
BUSS COS, Se ee nee Renee 78.0 305 200 
RENE gina gyda) s igodyaitackla ore sotorele’ 22.6 89 58 
Rubber gas black................- 17.3 68 45 
Be 6 Gis cv wveavesanes 19.0 75 49 
TRAGER ITS RDOHG : coset sseeecere, wir aneas enero 0% 18.3 72 47 
(OIE BAS TDIGOK, ccsike cee ccicaeseeen 7.6 30 20 


It is to be noted that the calculated value for rubber gas black, assuming 
a heterogeneous packing, comes out between 45-68 mu, conforming closely 
with Barnard’s estimated value of 50-60 mu, and with Gehman and Morris’ 
own value of 61mu for Micronex carbon black, obtained by the counting method. 


GENERAL AND INDIRECT 


fisenschitz and Rabinowitsch®* have reported the possibility of determining 
the size of colloid particles from the viscosity of the colloidal solution. Williams 
and Oncley®+ have stated that the size and weight of electrical disymmetrical 
particles can be estimated from the critical frequency of alternating current, 
above which the dielectric constant decreases with increases in frequency. 

Many other methods for estimating the relative particle size of carbon black 
have been proposed. These are based on experimentally determined relation- 
ships between particle size and the properties of various compositions into 
which the carbon blacks have been incorporated; for example, such physical 
properties of rubber compounds as reinforcement, rebound and detrition, and 
pigment properties such as color, strength and oil absorption. Adsorption, as 
well as other properties, have likewise shown similar relationships. These 
methods, which are relative and not absolute, are not deemed relevant to this 
review. 

PROPERTIES IN RUBBER 


The study of grain effects in compounded rubber as a means of evaluating 
the isotropy or anisotropy of compounding ingredients, including carbon black, 
has yielded conflicting 1esults. 
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Vogt and Evans® found that pigments and fillers imparted certain proper- 
ties to compounded rubber because of their shape, and from a study of these 
“grain effects’ concluded: 

“The results show that the common compounding ingredients may be di- 
vided into two classes—those which the writers call ‘anisotropic’, which cause 
anisotropy of properties in the stocks in which they are compounded, such 
as graphite, mica, tripoli, clay, light magnesium carbonate and strangely enough, 
glue. The other class, which the writers have called ‘isotropic pigments’, do 
not exhibit these tendencies, and include gas black, lampblack, iron oxide, zinc 
oxide, lithopone and barytes”’. 

This work provided the first available evidence that carbon black was iso- 
tropic, at least in rubber compounds. This anisotropic effect in rubber, com- 
monly referred to as grain effect, has also been discussed by Endres®* and 
Schidrowitz®. 

Goodwin and Park!*, on the other hand, have stated that: 

“The difference in the position of the stress-strain curve of rubber samples 
cut with and across the calender grain indicates anisotropy [of carbon black], 
although the effect is much less strong than in clay or even in zinc oxide samples, 
in which rod-shaped particles predominate”. 

Some unpublished results in these laboratories using the displacement cri- 
terion®’ tend to substantiate the conclusions of Goodwin and Park. 

It seems possible that the anisotropic effect of carbon black in rubber may 
be due, when observed, to agglomerates resulting from incomplete dispersion 
rather than to the dispersed discrete particles. Green*® has stated that the 
agglomerates can be either soft, breaking up when strain is applied to the 
rubber, or hard and act as individual particles. 

In view of the divergence of opinion on this question, it seems unlikely that 
grain effects in rubber can at this stage be correlated with the shape of the 
ultimate carbon black particle. 


SUMMARY OF PREVIOUS RESULTS 


A summation of all the results on the particle size and shape of carbon black, 
as reviewed in the preceding pages, reveals a wide discrepancy in the estimated 
and experimentally determined values for particle size and complete disagree- 
ment on the matter of particle shape. It would seem that this condition has 
resulted from the difficulties involved in the study of a material, the ultimate 
particles of which have up to the present been unresolvable. In the interest 
of clarity the condensed data are presented in the following table: 

A composite picture of the carbon black particle, derived from the data 
given above, reveals the following: 


Mean particle diameter............ 50-60 mu. 
errr ere re Tere 15-600 mu. 

Particle shape ....................No evidence. Various conjectures. 
PPD URMOBOD 6.65555 scxakn sn osese No evidence. Various conjectures. 
Molecular structure .............. Some crystalline habit indicated. 
Size of ultimate “crystal” unit..... 1-5 mu. 


Type of crystal habit.............. Graphitic. 
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2. ELECTRON MICROSCOPE METHOD 
HISTORICAL 


Modern physics has shown that a beam of light, which is ordinarily described 
as an electromagnetic wave train, must also be regarded as a stream of dis- 
crete units of energy, called photons, in order to explain, for example, the 
action of the photo-electric cell. It has also been shown that a stream of 
electrons has certain of the characteristics of a wave train. If electrons are 
accelerated to a high speed by an electric potential difference of, say, 45,000 
volts, they will behave in many respects as a train of waves with a wave length 
of the order of 1/20 A. U., which.is many times smaller than the wave length 
of visible light included in the range 4000 to 7000 A. U. 

The discovery of an electron lens by Busch‘! gave impetus to the idea of 
utilizing the short wave length characteristics of an electron beam in a 
supermicroscope. 

From this fundamental discovery, several types of electron microscopes 
have been developed. One of the simpler types produces an enlarged image 
of the cathode surface, thereby making it possible to study the source of the 
electrons. This has proved most useful in electron tube manufacture. With a 
photoelectric cathode, the device has revolutionized television. Another type 
of electron microscope is based on the principles of a light microscope. A 
high-speed electron beam replaces the beam of light. The axially symmetrical 
magnetic field of a solenoid takes the place of a lens. The specimen is viewed 
by means of the electrons which are transmitted through it. 

Knoll and Ruska in 19327* 78 and Ruska in 193474: 75 described the develop- 
ment of a two-stage microscope of the general type now in use. In 1934, 
Marton‘: 77, while in Belgium reported work with a similar instrument. He 
is credited with the first attempt to examine biological specimens. A third 
instrument’®: 7® built in England, while similar in design, was limited in resolv- 
ing power and magnification. ; 

Later with the help of von Borries and Ruska®®, the Siemens and Halske A.-G. 
built a new instrument designed for speed and convenience of manipulation. 
It was of the basic design described by Ruska in 1934. 

Under the direction of Professor E. F. Burton of the Department of Physics 
of the ‘University of Toronto, and with the assistance of W. H. Kohl, C. E. 
Hall, a graduate student in the department, beginning September, 1935, carried 
out the construction of both an electrostatic and electromagnetic type of electron 
microscope capable of giving magnified views of the cathode surface. 

In 1938, Prebus and Hillier*! constructed a two-stage electron microscope 
for the examination of a great variety of objects. With this instrument it has 
been possible to photograph detail finer than 10 mu at magnifications as high 
as 30,000 diameters. In general, however, it has proved more practical to 
work at 10,000 to 15,000 diameters, and then to enlarge optically an additional 
two to four times. 

The number of contributors*?-®* to the theory and practice of electron 
microscopy and electron optics in general is increasing. Up to the present the 
major object of their work has been the development of the microscope itself 
into a reliable instrument. Already some important revelations regarding the 
size and structure of bacteria and filtrable viruses have been made®-®?, 

In 1938, there was published! an electron photomicrograph of the soot 
deposited on a silver screen passed rapidly through a candle flame. This screen 
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constituted the object holder of the microscope. For this soot there was 
claimed a structure described as “a combination of small hexagonal scales’. 
These were of the order of 50 mu in size. 

In the production of commercial carbon black by the impingement process, 
the collecting surface is drawn slowly through a succession of flames. Since 





The electron microscope. 


University of Toronto 
Prof E. F. Burton A. Prebus 


the quality of the colloidal carbon produced is influenced by the size and shape 
of the flame, the position of the collecting surface in the flame, the degree 
of smothering of the flame and by the composition of the hydrocarbon which 
is burned, the soot described above cannot be considered as a specimen of 
true carbon black. 


DESCRIPTION OF APPARATUS AND OPERATING TECHNIQUE 


The principles of construction of the magnetic electron microscope are similar 
to those of a high power light microscope. This is illustrated by the diagrammatic 
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cross-section shown in Figure 1. The object is “illuminated” by a beam of 
electrons which are emitted from the cathode and accelerated to a high velocity. 
The electron beam may be concentrated by means of a magnetic condenser 







CATHODE CHot Filament) 
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Fig. 1. 


lens, this serving the same purpose as the substage condenser of the light 
microscope. 

The electrons passing through and around the object are focused by the 
magnetic field of the second solenoid in an image plane at about 100 diameters 
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magnification. Following the analogy of the light microscope, the second solenoid 
is called an objective lens. The primary image must be magnified further by 
the projector lens in order to render the finer detail visible to the eye. 


Factors AFFECTING RESOLUTION 


The entire system of electron lenses, source of illumination, object and camera 
requires to be maintained in a vacuum of the order of 10-* to 10° mm. Hg 
in order that electrons will not be scattered or retarded by molecules of gas, 
thereby destroying the definition in the image. 

The accelerating potential of the electron beam must be nilatoiaed constant 
to a high order of precision (approximately 1 volt in 50,000) in order that all 
electrons shall have the same velocity. Variation in the velocities of the electrons 
results in a serious loss of detail in the images, an effect which is analogous to 
chromatic aberration. 

For the same reason, the currents controlling the magnetic field strengths in 
the solenoids must also be maintained at constant values during a photographic 
exposure. Otherwise drifts of the image occur during exposure. 

The resolving power of the microscope also depends on the specimen under 
examination. For example, in traversing even the thinnest microtome section 
(ec. lu) the velocities of the primary electrons are scattered over such a wide 
range that the chromatic error reduces the resolving power to a value com- 
parable with the resolving power of a light microscope. The full resolving power 
of the super-microscope can be exploited only in the examination of very thin 
objects (c. 100-500 A. U.). 

Too much delay in adjustment of the instrument after a specimen has been 
inserted may result in a thickening of the film due to the electron bombard- 
ment, or even to its destruction due to excessive heating. 


MAGNIFICATION 


Because of the magnitude and wide range of magnification attainable with 
a given lens combination, the customary methods of calibration are not applicable. 

Assuming a hypothetical case where the object distances of both the objective 
and projector lenses are 5 mm. and the image distances 50 cm., the magnifica- 
tion will be x 100 per lens or x 10,000 for the microscope. If by adjustment of 
the objective lens strength the primary image is moved to 2.5 mm. from the 
502.5 
5.0 
0.5 per cent. But the object distance for the projector has been halved so 


= x 100.5, 7. e., increased 





projector lens, the primary magnification will be 





. . 900 ‘ 
that the secondary magnification is a5 = x 200 or a total magnification of 


approximately x 20,100. 

The primary magnification of a given electron microscope is therefore fixed 
by its dimensions within rather close limits, but the secondary magnification, 
highly sensitive to primary image position, must be carefully calibrated, prefer- 
ably for each photograph. This is done by moving the object laterally relative 
to the objective lens a measured distance and determining the corresponding 
primary image shift. A similar procedure is followed for the second stage 
magnification. From these observations the total magnification is determined, 
e. g., for Plate 362. 
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CALCULATION OF MAGNIFICATION AND MAXIMUM ERROR 


Plate 362 
First Stage: 
Object movement ................ 0.002” + 0.000125” or = 6.2% 
ATMOS OISIING soso s-new esos eres sine 0.25” +£0.02” ort 8.0% 
; : 7 0.25 
, = ———_ = + 
Primary magnification = 0.002 — x 125 = 15.2% 
Second Stage: 
Primary image movement......... 0.0105” + 0.0005” or+ 24% 
Final image shift.........cccccseees 100” +006” or+ 60% 
: : 1.00 
< iii cas tl + ) 
Secondary magnification = 00105 = X 93.5 + 86% 
Total magnification = 125 « 93.5 = x 11,900 + 25.2% 


Notr.—The value 25.2% represents the maximum possible error in final magnification based on one 
reading, and not the probable error statistically derived from a series of observations. In the case of 
the plates in this study, all readings were taken in duplicate. The total magnifications shown are there- 
fore deemed to be accurate to within 10-20% for each plate. 


3. THE PARTICLE SIZE AND SHAPE OF MICRONEX 
COLLOIDAL CARBON 


EXPERIMENTAL RESULTS 
ELECTRON PHOTOMICROGRAPHS 


Micronex carbon black was used exclusively in this first study of the electron 
microscopy of colloidal carbon, as perhaps the most representative of the 
channel or impingement types of carbon black made from natural gas. Its 
most important use is in the rubber industry, where, due to reinforcing action, 
it imparts strength and wearing qualities to rubber. The chemical properties 
of the Micronex carbon used in these studies are: 


Be ee Os NN aad scdeesscewinntenchevesansanuns 12.1% 
ORES IR RN ea PE a re 6.0% 
NE BB ered aah AAR SRNL ERE DA WAddK seen epheueRne 42 


Electron photomicrographs were secured on Micronex carbon in its original 
“dry” form and in the dispersed or “wet” form. The film specimens of dry 
carbon black were prepared for the electron microscope by dusting the dry 
carbon over a precast film of collodion of about 150 A. U. thickness. Two photo- 
micrographs of dry Micronex carbon black are shown in Plates 362 and 351, 
which are enlargements from the original negatives. 

The “wet” specimens of Micronex carbon were prepared from a nitrocellulose 
dispersion, in which a high order of particulate dispersion was obtained by 
a special method. The nitrocotton dispersion was then reduced to a suitable 
concentration for casting the specimen films. In these films the particles of 
carbon are substantially in one plane, and are sufficiently separated to be 
distinguishable as individuals. The thickness of the interparticle supporting 
nitrocellulose film is of the order of 150 A. U. Plates 377 and 392 show two 
photomicrographs of dispersed Micronex which are enlargements from the 
original negatives. 

The procedure followed in the particle size determinations was identical for 
the four plates. A contact lantern slide was prepared from the negative of 
the photomicrograph and was then projected at a determined magnification on 
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a sereen. All discrete and clearly defined particles, and only such, were measured. 
Histograms of these measurements were prepared, in which the bars of the 
histogram were raised on cells comprising two units of measurement on the 
screen. A frequency-distribution curve was superimposed on the histogram, 
with the abscissa scale converted to particle diameters in mu. From the actual 
measurements and the frequency distribution curves, values of the mean and 
modal particle diameters were obtained, as recorded in the table below and 
under Figures 2, 3, 4 and 5. Root mean square or standard deviation (¢) values 
for the means were determined, together with the skewness coefficients. 

Plates 362 and 377 reveal the best definition, and particle size measurements 
from these photomicrographs deserve somewhat more weight than the values 
obtained from Plates 392 and 351. The results from the latter plates are in- 
cluded as offering confirmatory evidence. 

The curves show some differences. The distinctive shape of the curve from 
Plate 377 (Figure 3) is ascribed to nearly complete deflocculation, the re- 
sult being increased recognition as discrete individuals both of the smailer 
and the larger particles. 


Tue ParticLte Siz—E oF Micronex CoLLoipAL CARBON 


The foregoing observations on Electron Photomicrographs are summarized 
below: 





Plate Diameter (mz) 
Plate Type of magnifica- Particles ——’ = 
No. mounting tion counted Mean Modal 
362 Dry 11900 166 28.9 28.0 
377 Wet * 9200 385 28.3 26.0 
351 Dry 12400 108 26.5 28.0 
392 Wet * 12800 257 26.3 25.0 





Average = 27.5 
* Predispersed in nitrccotton. 


NOTES 


(1) Plates 362 and 377 warrant somewhat greater weighting in the calcula- 
tion of the average particle diameter because of their greater resolution of 
detail. 

(2) The Micronex Colloidal Carbon used in this study gave a mean particle 
diameter of 28 mu. 

(3) The standard deviation (¢) of the above determinations was ap- 
proximately 10 mu. 


ALTERNATIVE VALUES FOR MEAN PartTiIcLE DIAMETER 


The mean particle diameter values shown in the table on this page are 
based on direct linear measurement of the particles in the photomicrographs. 
This “measured” mean does not necessarily agree with the diameter given by 
the count method, in fact will be smaller whenever a range of particle diameters 
is involved. 

In the “count”? method, the total mass or volume of material is assumed to 
consist. of particles of uniform diameter. A count method diameter for the 
166 particles measured in Plate 362 can be calculated. The total volume of 
these particles divided by 166 gives the volume of a single uniform “count 
method” particle. For this uniform particle the diameter becomes 32.3 mu 
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ELECTRON PHOTOMICROGRAPH OF 
MICRONEX COLLOIDAL CARBON 





Magnification x 32,400 
PLATE 362. 
NUNN hai cea aiarele’s wis ere aly siels siemens Dry 
Original magnification .......... ~ 11,900 


Mean particle diameter.......... 28.9 mu 
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compared to the measured mean diameter of 28.9 mu. Therefore, the diameter 
obtained by counting is shown to be greater than the mean diameter secured 
by measurement. 


FREQUENCY DISTRIBUTION OF 
PARTICLE DIAMETERS 
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Fig. 2. 
Plate 362. 
Mean particle diameter........... 28.9 mu 
Modal particle diameter. ..approx. 28.0 mu 
T vdcavn tubes bs suseogeens sun 10.1 mu 
I Is a awa. ais awa wae wre wee +0.50 
No. of particles measured............ 166 
* k= D¥(X,—-X)? 
No® 


This relation between the counting_method or mean volume diameter (D,) 
and the measured mean diameter (X) can be determined algebraically by 
making the following assumptions: 

(1) The particles are spheres. 

(2) There is a symmetrical distribution of the particle diameters. 

(3) The unit volume of material consists of N particles. 

Let the mean measured diameter of the particle equal X. Then 


: y N => — 
Total volume of pigment* = - {X°+43Xo0"' (1) 


Average volume per particle = = {X#43Xo"} (2) 


and from (2) the average diameter of these particles (D,) is given by 
D,={X843Xerl3 (3) 


* For detailed calculations see Appendix 1. 
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ELECTRON PHOTOMICROGRAPH OF 
MICRONEX COLLOIDAL CARBON 





Magnification x 27,800 
PLATE 377. 
MN oc Spee tases ewunwoaws Wet 
Original magnification ........... x 9200 


Mean particle diameter.......... 28.3 mu 
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Applying the X and ¢ values from Plate 362 to Equation (3), D,, becomes 
32.1 mu. This result is in substantial agreement with the value of 32.3 mu 
obtained above by direct calculation, reflecting the approximate symmetry of 
the distribution curve for Plate 362. 

These alternative values based on Plate 362 are tabulated below. 


Average particle diameter (mz) 





By direct From . 
— computation equations 
By direct measurement (X)......... 28.9 (100%) 
By counting method (D,)........... 32.3 (112%) 32.1 (111%) 


FREQUENCY DISTRIBUTION OF 
PARTICLE DIAMETERS 
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Fig. 3. 
Plate 377. 
Mean particle diameter........... 28.3 mu 
Modal particle diameter. ..approx. 26.0 mu 
CLG bere an anke aha webudba aired 13.2 mu 
ME on nso a ask ese wees awed +0.91 
No. of particles measured.............385 


The difference between the “computed” and the “equation” values will 
depend on the asymmetry of the distribution curve. The spread between X 
and D, on the other hand will depend on the width (¢) of the distribution curve. 
This difference between the measured X and the calculated D,, for the four 
plates, is revealed by the following tabulation. 


Average particle diameter (mu) for plates 





“362 377 351 392 
+ Se ee ae 28.9 (100%) 28.3 (100%) 26.5 (100% 26.3 (100%) 
WOR ee ekg tic kice bite 32.1 (111%) 33.5 (118%) 28.9 (109%) 28.7 (109%) 


The greatest divergence of D, from X occurs for Plate 377, which shows the 
widest distribution curve. The other three plates reveal approximately the 
same degree of divergence. 
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ELECTRON PHOTOMICROGRAPH OF 
MICRONEX COLLOIDAL CARBON 





Magnification x 33,800 
PLATE 351. 


pS CEC Some ern are Beare ae ar er ee Dry 
Original magnification .......... xX 12,400 
Mean particle diameter.......... 26.5 
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In summary, the diameter (D,,) obtained by the count method is greater 
than the mean measured diameter (X), the extent of this difference depending 
on the range of size distribution. In the limiting case where o becomes zero, 
D,, equals Zz 


FREQUENCY DISTRIBUTION OF 
PARTICLE DIAMETERS 
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PARTICLE DIAMETER, mwm 
Fig. 4. 
Plate 351. 
Mean particle diameter........... 26.5 mu 
Modal particle diameter. ..approx. 28.0 mu 
MES EPO EO EEE TRE Ee 8.4 mu 
LO ee ee eee +0.11 
No. of particles measured............ 108 


ALTERNATIVE VALUES FOR SPECIFIC SURFACE 


In the case of colloidal pigments, such as carbon black, a knowledge of par- 
ticle surface development is desirable to evaluate adsorptive or reinforcement 
phenomena. The values for total surface per unit weight will depend on 
the method by which the particle diameter has been obtained. 
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ELECTRON PHOTOMICROGRAPH OF 
MICRONEX COLLOIDAL CARBON 





Magnification x 48,000 
PLATE 392. 
I ARMNNN s k hc aa arloah coarse 06a Wie WES Wet 
Original magnification .......... x 12,800 


Mean particle diameter.......... 26.3 mu 
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The true specific surface for the unit volume represented by N particles is 
obtained by addition of the surface areas for all of the individual particles 
measured. For Plate 362, the value thus obtained for the 166 particles measured 
will be represented as 100 per cent. 

The true specific surface (S7) can also be calculated from the equation: 

Sp=Nnri X? +07 b* (4) 


Inserting the values for VN, X and ¢ from Plate 362 in this equation, the same 
value for Sp (100 per cent) is obtained. 


FREQUENCY DISTRIBUTION OF 
PARTICLE DIAMETERS 
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Plate 392. 
Mean particle diameter........... 26.3 mu 
Modal particle diameter. ..approx. 25.0 mu 
GS whidesdseuhensd ee apueenenvee ss 8.3 mu 
SA eee ee ee ee +0.63 
No. of particles measured............257 


The specific surface calculated from D,, the “count method” diameter, is 
greater than the true specific surface. In this calculation the number of par- 
ticles and their total mass (or volume) are the same as in the true specific 
surface calculation, but the particles are assumed to be of uniform size. 

Taking the D,, value computed directly from the data for Plate 362, the 
specific surface becomes 112 per cent, compared to the value of 100 per cent 
obtained for S7, the true specific surface. 

From Equation (3) the specific surface can also be calculated from D.,, as 
follows: 

Spo=Nr {4 X°43X07 4% (5) 


* For detailed calculations see Appendix 2. 
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Using X and o values from Plate 362 the value for Sp, becomes 110 per cent, 
compared to 112 per cent obtained by direct computation. This difference is 
ascribed to the lack of complete symmetry in the distribution curve. 

The specific surface calculated from X, the measured mean diameter, is also 
greater than the true specific surface. In this‘ calculation it is first necessary 
to compute the number of particles of diameter X required to give the same 
unit mass (or volume) used in the Sp and Sp, calculations above. 

Taking the X value for Plate 362, and the total volume of the 166 particles 
measured, the specific surface is computed as 126 per cent, compared to the 
value of 100 per cent obtained for the true specific surface. 

The specific surface can also be calculated from the equation: 


Sy=Nn(X?+30%)* (6) 


Substituting the N, X, and o values from Plate 362 in this equation, Sy 
becomes 122 per cent, compared to 126 per cent by direct computation. This 
difference is ascribed to the lack of complete symmetry in the distribution curve. 

In the limiting case where ¢ becomes zero, Equations (4), (5) and (6) reduce 
to the common form: 


S=NnX? (7) 


and all of the specific surface values become identical. 
The alternative percentage results based on Plate 362 are tabulated below. 


Specific surface 





(percentage) 
By direct From 
computation equations 
BB SUA MON Se) Fe oss 5 6 sass wise als wdiverntesiais Biers 100 » 100 
From Do (Spe) .......ceeeeeceeeceeeceececees 112 110 
Deo toes dh (co 8 JO ee Rees ae a Om eR 126 122 


The difference between the “computed” and the “equation” values depends 
on the asymmetry of the distribution curve. The spread between S;,, or Sy and 
Sp depends on the width (¢) of the distribution curve. This divergence for the 
four plates is revealed by the following tabulation of values calculated from 
the equations. 


Specific surface for plates (percentage) 





No. 362 No. 377 No. 351 No. 392 
Ee dakcawkesasdexetenseweny 100 100 100 100 
PHOU” Assctiesateurwein te aracieu a eierelTs 110 115 108 109 
BOR cecil cssroinia sia oe a lalntersie esate et 122 136 118 118 


The great divergence of Sp, and Sy from Sp occurs for Plate 377, which 
shows the widest distribution curve. The other three plates show approximately 
the same degree of divergence. 

These percentage results are based on the volume represented by the num- 
ber of measured particles for each plate. For general use it is more desirable 
to express specific surface results in quantitative units. The true specific sur- 
face, in square inches per inch cube, can be calculated for any pigment from 





* For detailed calculations see Appendix 2. 
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the measured mean diameter (X) and ¢ by Equation (8), derived from Equaticns 
(1) and (4), where X and o are expressed in inches. 


6(X2+402) 


Re Sta (8) 
(X#+43Xo0?) 


True specific surface= 


The true specific surface values, calculated from Equation (8), are set forth 
below for the four plates studied. 


Plate x o Specific surface 
No. (in.) (in.) (sq. in. per cu. in.) 
_ Fee ree ee 11.4 x 10° 4.0 < 10° 4320000 

BIN o each ie hs teas 11.1 « 10% 52x 10" 4000000 

RS ae een ci ts wie 10.4 & 10° 323 < 10° 4880000 

Ec iGes caso wake awn 10.4 & 107 3.3 x 10° 4900000 


It should be pointed out that in all of the calculations involving D,, it is 
assumed that the count method would identify all of the particles. Actually 
this is unlikely, since some of the smaller particles might be missed. In this 
event an experimental count method would tend to give larger D.,, and therefore 
smaller Sp, values, than those above. 

In summary, the specific surface, 7. e., surface area per unit weight of carbon, 
based on the results of this study, is about 10 per cent greater than the true 
value when calculated from the “counting method” diameter (D,) and about 


24 per cent higher when derived from the measured diameter (X). 


GENERAL SUMMARY AND CONCLUSIONS 


1. The particle diameter of Micronex colloidal carbon black, originally esti- 
mated to be 80 mu by microscopic methods, later as 50-60 mu by ultrafiltration 
and counting methods, now appears, on the evidence of direct measurements 
with the electron microscope, to require further downward revision to about 
30 mu. ; 

2. The original estimate of specific surface of 1,900,000 square inches per 
cubic inch based on 80 mu, and that of 2,500,000 corresponding to 60 mu, would 
now appear to require upward revision to the value of about 5,000,000. Effects 
ascribable to the high specific surface of colloidal carbon do not require nor in 
fact permit the assumption of burr or featherlike surface configurations, but 
may be attributed to fineness of subdivision alone. 

3. The preponderating geometrical form of the ultimate particles of colloidal 
carbon is spheroidal, with some evidence of plane surfaces, the general conclusion 
being that the particles may be treated as sensibly isotropic. 

4. The establishment by direct observation of a much lower ultimate particle 
size for carbon black suggests the possibility of more efficient employment of 
the total available carbon surface in reinforcement phenomena. 
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APPENDIX 1 
MEASURED VS. CALCULATED PARTICLE DIAMETERS 


Assume (1) The unit volume of material consists of N particles. 
(2) The particles are spheres. 
(3) The particle diameter distribution curve is symmetrical. 
(4) The individual diameters are obtained by direct measurement. 


Let (1) the individual diameters be X,, Xp, Xg..... sss eee cree eee eeeeeees Xy 
(2) the mean diameter be X - 
(3) the individual deviations from the mean, X, be 9,, 02, Pg.....++++: ey 


Then the total volume of pigment, 


VAX PAN ec ceeeeeeseeeesecessseesseesesereen sath 
™ = = i — ‘ 
=H 1 (X—e1)? + (Xe)? Cobtiwerenerantammaesd (X—py)*} 


myw — os, ov. ° ‘ 
S > (X°—3X"ey+3Xey?—py*) 
1 


ef< ie - aan Ny 
—-- NX*—3X?)) Ae Bi Yh oy sae 3k 
6 { : ee Z. Pa z. Py" f 


For a symmetrical distribution Ley=0= Ley’. 
Therefore: 
Tf =, oo 
v=—{ NX43¥ )) a} 
i . 


™ Ty QV AT-2 
= = {NX*+3XNo*} 


II 


ts 1X8 +3Xo07} (1) 





and the average volume per particle 


bo 
— 


Let the diameter of such an equivalent particle of average volume be designated 
D,,. Then 


D,=4X3+438Xo7\3 (3) 


From this it is apparent that for a symmetrical distribution a counting method 
for particle diameter, which of necessity gives only the number of particles 
per unit mass or volume of material, must give a higher value than the mean 
measured diameter (X). 
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APPENDIX 2 
SPECIFIC SURFACE CALCULATIONS 


With the same assumptions given under Appendix 1, 
The true specific surface, 


— > 
= ~ (X—poy)? 
1 


y 


=n :. (X2—2NXoy +4?) 
1 


For a symmetrical distribution Ley =0. 
Therefore: 
Sp=n(NX?+ No?) 
= Nn(X?+07) (4) 
The specific surface for N equal particles of equivalent volume, 
Spr=Nn(X24+3Xo?)5 (5) 
The specific surface for particles of the mean measured diameter (X) is not 
given by the relation: 
Sy=Nrx? 
since N such particles do not have the unit volume assumed in Appendix 1. 


The unit volume of the N particles, in terms of X, is given by Equation (1): 
V= a {X343Xo07} 


The number of particles of diameter XY required to equal this same unit 
volume is: 


Nr X°43Xo0? 4 


Nz= - 
"Xs 
6 
my: J 143 il | 
| X? f 


The specific surface of N¥ particles, of mean diameter X, for unit volume V, 


then becomes: 
Sy=N(14+3 ba (nX*) 
YX? 


= Nn(X2+3¢?) (6) 
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X-RAY STRUCTURE OF RUBBER-CARBON 
BLACK MIXTURES * 


S. D. GeHMAN and J. E. Fretp 


THE GOODYEAR TIRE AND RUBBER COMPANY, AKRON, OHIO 


The position of carbon black as an indispensable compounding ingredient 
for present-day rubber technology has led to many experimental and theoretical 
inquiries regarding the manner in which it functions to improve the properties 
of rubber into which it is incorporated. The general term “reinforcement” is used 
to express improvements in physical properties brought about by the mixing of 
powders into rubber. Shepard, Street, and Park'® reviewed the concepts which 
have been employed in efforts to define reinforcement. Reinforcing effects are 
made evident in measurements of plasticity, viscosity of solutions, stress-strain 
relations, tear, and abrasion resistance. By all criteria which have been pro- 
posed, channel black heads the list of reinforcing powders, although there is 
some indication that even more pronounced reinforcing effects can be obtained 
with finer carbon blacks. 

Available explanations of reinforcement constitute an involved maze of con- 
tradictory evidence, speculations, and controversies in strong contrast to the 
practical importance of having a clear understanding of what occurs. The 
literature on the subject has been ably reviewed by Shepard, Street, and Park’. 
Characteristics of a powder which have been held responsible for reinforce- 
ment are: 

Particle size 

Particle shape 
Chemical composition 
Surface activity 

a. Flocculated systems 
b. Dispersed systems 
c. ‘Plastic solid films 
d. Heat effects 


alt alt ool vad 


In the work here reported, experimental evidence from x-ray diffraction 
studies on rubber into which a series of carbon blacks had been incorporated 
is presented and discussed in its bearing on some of the above explanations. 

Descriptions of the general x-ray diffraction phenomena for rubber are availa- 
ble in a recent comprehensive review’. Some effects of fillers on the x-ray 
structure of rubber have been noted in isolated instances, but investigations 
have not been pursued. 


COMPOUNDS USED 


Table I lists the vulcanized compounds used. They were mixed on a labora- 
tory mill. The milling was carried out in each case until a good dispersion 
was ensured. They were vulcanized in the form of 2-mm. gage test sheets, 
from which narrow strips were dyed for the x-ray exposures. 


* Reprinted from Industrial and Engineering Chemistry, Vol. 32, No. 10, pages 1400-1407, October 
932. 
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In addition to the vuleanized compounds, diffraction patterns were obtained 
for several unvuleanized mixtures of carbon black and rubber, socalled master 
batches. They are listed in Table II. 


TaBLe [ 


VULCANIZED COMPOUNDS 











on 23 =: = § ee : ie 
= L N v2 wt. = < .é) 
ss Parts 

1 100 3 3 4 1 1 3.75 — 

2 100 3 3 4 1 1 3.75 11 Superspectra 
3 100 3 3 4 1 1 3.75 48 Superspectra 
4 100 3 4 4 1 1 3.45 11 channel black 
5 100 3 3 4 1 1 3.75 48 channel black 
6 100 33 3 4 1 1 3.75 87 channel black 
7 100 3 3 — 1 1 3.75 — 

8 100 3 3 — 1 1 3.75 11 Gastex 

9 100 3 3 — 1 1 3.45 48 Gastex 

10 100 3 3 — 1 1 3.75 87 Gastex 

11 100 2 3 — 1 1 3.45 11 P-33 

12 100 3 3 — 1 1 3.75 48 P-33 

13 100 3 3 — 1 1 3.75 87 P-33 

14 100 3 3 — 1 1 3.45 11 Thermatomic 
15 100 3 3 — 1 1 3.75 48 Thermatomic 
16 100 3 3 — 1 1 3.45 87 Thermatomic 
« Phenyl-8-naphthylamine. 

TaBLe II 


Identifying Smoked 


No. sheet 
17 100 
18 100 
19 100 
20 100 
21 — 
22 — 
23 -- 
24 —- 
25 — 


Master BATCHES 


Acetone-extd. 


crepe 
== 48 
— 87 
oo 48 
— 67 
100 
100 48 
100 48 
100 48 
100 48 

PROCEDURE 


Carbon 

black 
channel black 
channel black 
Superspectra 
Superspectra 
channel black 
channel black 
Gastex 
Gastex 


Cure 
—— 
30 260 
70 260 
70 260 
70 260 
70 260 
70 260 
30 260 
30 260 
30 260 
30 260 
30 260 
30 260 
30 260 
30 260 
30 260 
30 260 

Stearic 
acid 
1 
2 
3 
1 
2 


The x-ray diffraction patterns were obtained with a General Electric x-ray 
on. The Cuk®@ radiation was filtered out 


diffraction unit and Cuka radiati 


by a nickel foil (gage, 0.8 mil). Operating voltage was 35,000 volts, current 
25 milliamperes. All exposures were made at room temperature from 2 to 
6 hours. 

A Zeiss nonrecording microphotometer was used for measurements of photo- 
graphic density. For each stock a series of patterns were taken at different 
elongations, and the density of the A, diffraction spot was measured. These 
values, plotted against the elongation, gave curves which intercepted the elonga- 
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tion axis and thus determined the lowest elongation at which an appreciable 
amount of diffraction occurred. For each such curve, the films were taken on 
the same pinhole, with the same exposure times and the same operating con- 
ditions, and were developed simultaneously. The tube ran steadily, but an 
additional precaution was taken to reduce the possibility of error from this 
cause as well as from variation in film sensitivity. At the termination of each 
exposure, the film was marked near the edge with a control density obtained by 
exposure to the incident beam, weakened by passage through an aluminum strip. 
This exposure time (a minute or so) was always the same for the same curve. 
Any corrections indicated as necessary by the control spot were always small 
(rarely more than 10 per cent), and the effect on the intercept of the curve was 
usually negligible. All of the curves were not run on the same pinhole, however, 
and in this case the exposure time to secure suitable pattern intensities varied 
from curve to curve. For the different pinholes, the exposure time for the control 
spot was always made proportional to the exposure time for the patterns so 
that the curves could be put on the same scale. This cross-comparison of films 
from different pinholes has no bearing on the determination of the minimum 
elongations since each individual curve was run on the same pinhole. It merely 
served as a convenient control for securing comparable intensities on all the 
films and in no sense served as a means for securing the absolute intensities, which 
were not required. 


VULCANIZED RUBBER-CARBON BLACK MIXTURES 


Figure 1 shows the progressive effect of increased loadings of channel black 
on the x-ray diagram at 400 per cent elongation. At this elongation the fiber 
diagram is well developed. The black does not interfere with the formation 
of the rubber crystallites, but causes a less perfect alignment, so that the spots 
of the normal rubber diagram are spread out into ares. The ares are not 
noticeably broader, so that the same size for the crystallites and the same de- 
gree of lattice perfection may be inferred. 

The particle size of channel black is of the same order of magnitude as the 
size deduced for the rubber crystallites which are responsible for the x-ray 
diffraction pattern of stretched rubber. The relatively sharp spots obtained for 
stretched rubber at higher elongations show that the rubber crystallites em- 
bedded in amorphous rubber at lower elongations do not cause poor alignment 
of crystallites formed by further stretching, in contrast to the effects with 
foreign particles such as carbon black. 

If the rubber for the higher loadings of carbon black existed as the dis- 
persed phase, as suggested by Boiry® and by Wiegand!®, it might be expected 
that there would be some marked differences in the x-ray structure at the higher 
loadings. On the contrary, there is a continuous, monotonic change in the pat- 
terns as the loading is increased. There is no evidence here that individual 
rubber macromolecules are surrounded by carbon black particles, in which 
case crystallization should be hindered or entirely prevented, or at least the 
lattice should be distorted. 

The general appearance of the patterns is readily interpreted in a straight- 
forward way in terms of results published concerning the stress about an in- 
clusion in a sheet of stretched rubber! '*. If a plane sheet of rubber containing 
a hard inclusion is stretched, the lines of stress are distorted in the neighborhood 
of the inclusion. Consequently the axis of fibering will make a varying angle 
with the direction, of stretch at points near the inclusion. The effect will be 











88 RUBBER CHEMISTRY AND TECHNOLOGY 


to spread out the spots into ares. At the higher loadings the fields of stress 
about the particles would be expected to overlap. Thus the character of the 
patterns can be explained in terms of a macroscopic structure, and there is 
nothing to indicate that the carbon black has separated individual rubber mole- 
cules to such an extent that they cannot react to stress in a normal manner. 


A. No black. B. 11 channel black. 





C. 48 channel black. D. 87 channel black. 


Fic. 1.—Effect of increased loadings of channel black on x-ray diagram at 400 per cent elongation. 


Figure 2 shows patterns for the unloaded control stock, No. 1, and for that 
containing the highest loading of channel black No. 6. The elongations are 
such that the intensities of the spots are rather low and approximately the 
same. The unloaded stock must be stretched to an elongation about twice as 
great as that for the loaded stock to get the same intensity in the spots. 

A number of factors are involved in this result. In the first place, for a 
given stretch, the elongation calculated for the loaded stock implies a greater 
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elongation than that for the rubber in the stock, owing merely to the fact 
that the actual length of rubber present is reduced because of the presence of 
the black. Morrison!® deduced the average relation: 

straininrubber 100+V 

strainin stock = 100 





where V=volume of black in 100 volumes of base. 

Applying this equation to get an idea of the effect, an elongation of 150 per 
cent for stock No. 6 implies an average elongation of about 210 per cent for 
the rubber in the stock. This is to be compared with the elongation of 300 per 
cent necessary for the unloaded stock to secure the same intensity for the 
diffraction spots. 

There are two other corrections which are difficult to evaluate exactly but 
which, if applied, will have the opposite effect and tend to increase the spread 





Elongation, 300 per cent; no black. Elongation, 150 per cent; loading, 87 channel 
black. 


Fig. 2.—Elongation necessary to obtain patterns of similar intensity for unloaded and highest 
loading of channel black. 


between the observed elongations. The spots for the loaded stock are reduced 
in intensity relative to those for the unloaded stock, owing to the absorption 
of radiation by the carbon black. They are also weaker because they are spread 
out into longer ares. At elongations of 300 and 150 per cent for unloaded stock 
No. 1 and loaded stock No. 6, respectively, for samples having the same initial 
gage, the actual volume of rubber irradiated by the incident beam is nearly 
the same in both cases. The stretched gage of the unloaded stock is less, but the 
volume of black in the loaded stock just compensates for this. 

Thus there can be no question but that the diffraction spots become per- 
ceptible at a lower elongation for the loaded stock than for the control. At 
the same low elongation they occur with greater intensity for the loaded stock. 
The explanation undoubtedly lies in the increased stresses which exist about 
the carbon black particles. Thibodeau and Wood!* and Barnett! made measure- 
ments of the greater stresses which exist in the vicinity of large inclusions in 
stretched rubber. It will be shown in the next section that additional considera- 
tions are required for a full explanation of the results with different blacks. 
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COMPARATIVE RESULTS WITH DIFFERENT BLACKS 
Figure 3 gives the x-ray diffraction patterns for stocks No. 13 and No. 16, 
loaded with P-33 and Thermatomic carbon blacks, respectively, at 400 per cent 
elongation. These can be compared with Figure 1D for the same channel 





A. 87 p-33. B. 87 Thermatomic. 


Fic. 3.—Effect of different blacks at 400 per cent elongation. 


black loading. The ares in the patterns are shorter than those in Figure 1D. 
This may be difficult to perceive in the reproductions, but photometric measure- 
ments of the lengths of the A, spots (the first equatorial spot of the rubber 
pattern is designated A,), plotted in Figure 4, make the difference in length 
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Fic. 4.—Comparison of lengths of A, diffraction spots. 


of the ares in Figure 1D and 3B apparent. The arcs for P-33 and Gastex 
loadings did not differ measurably in length from those for the Thermatomic 
black. There is, therefore, a less perfect alignment of the crystallites along the 
axis of stretch for the channel black loadings compared to the other blacks. 

















FINE STRUCTURE OF RUBBER-CARBON BLACK 91 


To determine the minimum elongation at which the diffraction spots attain 
an appreciable photographic density for stocks loaded with different carbon 
blacks, patterns were taken for each stock at a series of elongations. The 
photographic density of the A, diffraction spot was then plotted against the 
elongation, and the curve was extrapolated a short distance to zero photo- 
graphic density. The shape of the elongation-intensity curve was previously 
discussed’. In general, it is not linear. The curves for the Thermatomie load- 
ings are shown in Figure 5. Although an accurate absolute determination of 
the minimum elongations required for the spots might require corrections 
for absorption and variation in gage at different elongations, the above procedure 
is valid as a means of comparing the effects of the different blacks, since the 
blacks are always compared at the same elongation and loading. 

As the curves of Figure 5 show, the plot of photographic density against 
elongation is virtually a straight line under these circumstances for the range 
of elongations used. For all the blacks the lines for the different loadings cross 
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Fig. 5.—-Effect of loading on intensity of fiber diagram. 


in the same way as those shown for Thermatomic in Figure 5. The intersections 
of the lines with the elongation axis giving the minimum elongations for the 
spots to appear are in the order of decreasing loadings, reading from the origin. 
At higher elongations the intensity decreases in the order of increasing loadings. 
We do not attach much significance to the lower intensities observed for loaded 
stocks at the higher elongations. If corrections were made for the smaller 
volume of rubber irradiated and for the absorption of radiation by the carbon 
black, and if the length of the arcs were taken into account, it is probable that 
about the same degree of crystallinity for the rubber would be indicated in 
both cases. By the same corrections the differences in intensity for the differ- 
ent loadings at ‘low elongations would be increased. 

Figure 6 shows results for all the carbon blacks used. The loading by weight 
is plotted against the minimum elongation required for the diffraction spots 
to reach a measurable intensity. The curves so obtained lie in the order of 
the average particle sizes of the blacks. Gastex is about the same size as P-33, 
although exact measurements of its particle size were not available (Table III). 

The question now arises as to what causes the diffraction spots to appear 
at different elongations for the different blacks. The fact that the diffraction 
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spots occur at lower elongations for the finer blacks invites the suggestion that 
greater stress exists in the vicinity of the finer particles. This is in contradic- 
tion to results obtained with large inclusions. Barnett! found that the stress 
was greater near large inclusions than near small ones. This is confirmed in 
the case of coarse fillers by the tendency of vacuoles to form at the particles 
upon stretching’: 1°. Such vacuole formation has not been observed for fine 
particles. 
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TasBie III 
AVERAGE ParTICLE Sizes oF CarBon BLAckKs * 


Av. particle 


Carbon black diameter, 4“ 
MENT. Act Sains sie abc Rak ONS OMe ehh Sees we wee aw Oee 0.025 
SURI wes i nie Rita Sibig Bisa io kN eine ae 0.061 
REE Ne arts hes etc aie a ne ees fabs hs Binioiw wiSNiS ets we a io A ee 0.159 
IRENE hl sre 18 Ste a hares oc econ KR ae WSIS Siete DRI RS 1.12 


Flocculation of carbon black in rubber has been observed under special cir- 
cumstances!, but it is too improbable in the case of these stocks to accept as 
an explanation, that is, to consider that, owing to flocculation, the effective 
particle size for the channel black loadings was greater than that for Therma- 
tomic black. 

The number of particles per unit volume for equal loadings by weight of 
the various blacks is vastly different. Thus one gram of channel black con- 
tains about six thousand times as many particles as a gram of Thermatomic 
black. In comparing equal loadings by weight of the various blacks, the num- 
ber of particles per unit volume in the stock will vary inversely as the cube 
of the particle diameter. From results with large inclusions, it seems probable 
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that the stress about a particle decreases with particle diameter at a much 
slower rate. Thus as the black becomes finer, the larger number of particles 
may have a chance to more than offset the decrease in stress in the effect 
upon the observed minimum elongation for diffraction spots to appear. The 
functional dependence of the intensity of diffraction on the stress also enters 
into the question, as do the extension and overlapping of the fields of stress 
about the particles. If loadings of Thermatomic black and channel black were 
compared in such a way that the stocks contained the same number of 
particles per unit volume, the diffraction spots would appear at a lower 
elongation for the stock containing Thermatomic black. The results for the 
various blacks shown in Figure 6 thus appear to be reconcilable with a simple 
mechanical explanation. 


Discussion oF RESULTS IN RELATION TO THEORIES OF REINFORCEMENT 


There is another way of looking at the above state of affairs which may be 
helpful in understanding the results; it seems to amount to the same thing 
and has the advantage of putting the discussion in terms of concepts already 
familiar in one of the oldest theories of reinformement, the so-called solid plastic 
film theory'®. The minimum elongation at which diffraction spots occur for 
stretched rubber depends on a number of factors, one of the most important 
of which is the plasticity. The x-ray phenomena indicate a persistence in the 
vuleanized stocks of the reduction of plasticity which occurs when the black 
is incorporated. When a field of stress occurs about the embedded particles, 
as is apparent from the x-ray diagrams, it is implied that the rubber molecules 
are firmly attached at the surfaces of the particles. In the case of the finer 
blacks, more molecules are thus attached, simply because the surface is larger. 
The zone of influence of these relatively immobilized molecules thus extends 
throughout a greater volume of rubber and through a greater proportion of 
the distance between adjacent particles. The finer blacks are thus more effec- 
tive in reducing the plasticity. Park!* recognized the possible importance in 
the explanation of reinforcement of the smaller capillary spaces which exist 
in stocks loaded with fine in contrast to coarse powders. 

One of the many hypotheses with respect to reinforcement with channel 
black has regarded reinforcement as a type of vulcanization, the bond between 
rubber and black acting as a primary-valence cross linkage™. The x-ray results 
bear out this analogy to the extent that the black assists crystallization of 
the rubber on stretching just as vulcanization assists the crystallization on 
stretching of milled rubber by the reduction in plasticity. The x-ray results 
cannot show any definite evidence for such action of the black, and the point 
of view which has been given seems preferable, since the results do imply a 
continuous change in effects with particle size. Furthermore, no broadening 
of the diffraction spots is observed due to carbon black such as occurs when 
sulfur cross-linkages become numerous. 

There is some evidence that the reduction in plasticity which occurs when 
powders are milled into rubber may be due to a deep-seated change in the 
rubber hydrocarbon similar to vuleanization®'*®, Views in regard to the 
agencies by which vulcanization can be brought about are becoming broad- 
ened® 1“, Park!* suggested that some type of oxidation vulcanization may occur 
when carbon black is incorporated into rubber. The x-ray results shown here 
seem to be incapable of giving evidence for or against this idea. It may be 
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stated that ordinary types of oxidation of rubber tend to inhibit the appear- 
ance of the fiber diagram, whereas the opposite effect is observed with rubber- 
carbon black mixtures. But this is not decisive since products of vulcaniza- 
tion by such agencies as dinitrobenzene and lead oxide may show a degree 
of crystallinity on stretching comparable to that of gum stocks cured with 
sulfur and accelerators. However, no evidence has been submitted that condi- 
tions at the carbon black surface are suitable for bringing about such a vul- 
canization, which usually has rather definite chemical requirements. Further- 
more, reinforcing effects probably occur to some extent for such a material 
as Vistanex, which does not vuleanize. It would be interesting to examine with 
x-rays some of the insoluble rubber prepared by the method of Menadue’. 


Discussion OF RESULTS IN RELATION TO REINFORCEMENT 


An effort will now be made to show some connection between the x-ray 
structure and the effects on physical properties of the incorporation of carbon 
black. Improved tear resistance has already been explained by Busse* as due 
to pronounced fibering accompanied by relatively low strength in the direc- 
tion perpendicular to the stretch. This strong fibering is evident from the 
crystallinity at low elongations, although the imperfection of the fibering as 
shown by the long ares leads one to suspect that the transverse weakness may 
be largely relative to the longitudinal strength rather than absolute as com- 
pared to an unloaded stock. 

The bearing of the x-ray results on the improved abrasion secured by the 
use of carbon black is somewhat more complicated. The occurrence of rubber 
crystallites at lower elongations is proof that the rubber is working at a higher 
point on its stress-strain curve. This, by the way, helps to account for the 
closer approach to linearity of the stress-strain curve. The rubber in the 
loaded stock, therefore, has greater rigidity in regard to abrasive deformations?° 
and greater rigidity toward shearing stresses. The imperfection of the fibering 
may also be a factor in the improved abrasion resistance where, undoubtedly, 
localized stresses occur simultaneously in all directions. The reason for an 
optimum loading for general wear resistance is not apparent from the x-ray 
results, and is probably related to the need for balance in the properties of 
the compound. 

The formation of crystallites in stretched rubber is a characteristic of the 
material, and may be thought of as a spontaneous molecular adjustment which 
occurs when the rubber molecules are brought into sufficiently favorable juxta- 
position by stretching or other means. In this work advantage has been taken 
of the appearance of these crystallites to serve as an index to the condition of 
stress. The same sort of reinforcing effects could presumably occur to some 
degree as a result of the immobilization of long-chain molecules by attachment 
to the surface of the particles, accompanied by the relative mutual alignment 
of the molecules due to stress without the actual formation of crystallites. Such 
a view seems to be necessary to account for reinforcing effects of carbon black 
in synthetic materials which do not form crystallites upon stretching. 


UNVULCANIZED CARBON BLACK-RUBBER MIXTURES 


Rubber milled alone to the extent that would be necessary for the incorpora- 
tion of appreciable loadings of carbon black, and not vuleanized, would not give 
x-ray diffraction spots on stretching at room temperature. Milled unvuleanized 
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mixtures of carbon black and rubber, on the other hand, may show fair in- 
tensity for the fiber diagram on stretching. This is undoubtedly related to 
the reduction in plasticity which takes place when the black is incorporated, a 
fundamental characteristic of a reinforcing powder. Figure 7A shows the re- 
markable intensity of the diffraction spots for a master batch containing 48 
parts by weight of Superspectra (Table II, batch 19). B and C are similar 
patterns for master batches containing 48 and 87 parts of channel black (Table 
II, batches 17 and 18), respectively. Such patterns may vary in appearance 
from batch to batch, due to possible variations in milling procedure and con- 
sequently in plasticity. 

Figure 8 is a reproduction of the curious pattern obtained from uncured 
stock 3 (Table 1) containing 48 parts of Superspectra. The equatorial spots 
are due to the alignment of crystalline compounding ingredients in the direction 
of stretch. This effect was observed in some degree for all the stocks of Table I 





Fic. 8 (Left).—Pattern of unvulcanized stock at 500 per cent elongation loaded with 48 Superspectra. 


Fic. 9 (Right).—Pattern of milled, extracted crepe containing 1 per cent stearic acid. 





before vulcanization, with the exception of those containing channel black. It 
is not known whether this exception was due to some uncontrolled variation 
in the procedure of preparing the stocks or whether it was due to adsorption 
by the channe! black of the crystalline material responsible for the spots. 

The question of stearic acid adsorption by carbon black has entered widely 
into discussions of reinforcement? 1°, Although the influence of surface activity 
on reinforcement cannot be studied directly by such diffraction patterns as 
thdse given here, some observations bearing on the point can be made. It is 
possible by x-ray diffraction to detect the presence of 1 part by weight of 
stearic acid in 100 parts of acetone-extracted crepe rubber. This is shown by 
the diffraction pattern of Figure 9 for master batch 21 (Table II). On the 
film a diffraction ring due to stearic acid is plainly visible just outside of the 
halo due to the rubber. When 48 parts of channel black were included in the 
mix, the ring due to stearic acid could not be observed for less than 2 or 3 
parts of stearic acid, presumably because of the adsorption of stearic acid by 
the black. For the same Gastex loading 1 or 2 parts of stearic acid were sufficient 
for detection, indicating less adsorption than for channel black. 
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Attempts were made to detect differences in the x-ray structure of master 
batches and also of vuleanized stocks which had been heat-treated in such a 
way that carbon black flocculation should have oecurred'*. No differences 
in intensity of the spots, lengths of the spots, or minimum elongations at which 
the spots appeared due to such treatment could be measured. The physical 
changes which occur in this case eluded x-ray detection by the methods here 
employed. There may be other ways to make them evident in the x-ray patterns. 
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CARBON BLACK IN RUBBER 
COMPOUNDING * 


D. PARKINSON 


DuNLop Rupper Co., Ltp., Fort Dontor, BIRMINGHAM, ENGLAND 


The mechanism of filler reinforcement has not yet been fully explained, but 
there is general agreement that an important, probably the most important, factor 
is the enormous surface development between the rubber and filler due to the 
fine particle size of the filler. Explanations have been attempted to show how 
small particles can cause reinforcement, but a complete theory of the phenomenon 
which accounts for all the facts is still awaited. 

Particle size of carbon blacks—A knowledge of this property is important in 
an understanding of the mechanism of reinforcement by carbon black. Because 
of the difficulty of distinguishing between ultimate particles and compact aggre- 
gates, and because the particles themselves are too small to be resolved in 
an ordinary microscope, the usual microscopical methods of measurement are 
inapplicable. 

Ultramicroscopical methods have been used with some success, the results ob- 
tained by the method of Gehman and Morris! being probably the most reliable. 
These authors quote an average particle size of 6luu for a sample of a stand- 
ard rubber gas black (Micronex). The figures given for P-33 black, Shawin- 
igan acetylene black and Thermatomic black are 159uyu, 130uu and 1120un, 
respectively. 

Clark and Rhodes? have recently used an x-ray diffraction technique to measure 
particle sizes of a number of blacks. The results show that the dimensions in 
the two principal crystallographic directions are almost equal, and of the order 
of 1.5uu for rubber colloidal carbons and 2uy for Thermatomic carbon. 

It is obvious, as Clark and Rhodes point out, “that x-rays and the microscope 
measure two entirely different structural units in the carbon blacks.” These 
authors make their calculations on the basis that the primary particles are “truly 
crystalline and of colloidal dimensions, and that the particle which appears in the 
microscope is a secondary aggregate of these units”; but they admit there are 
other possibilities. 

It would appear that whether the units measured by the ultramicroscope are 
ultimate particles or secondary aggregates they are from the reinforcing stan- 
point those which matter; otherwise Thermatomic carbons, which have primary 
crystals almost as small as those of channel blacks, would possess almost as great 
a reinforcing power, whereas their reinforcing effect is small, and in keeping with 
a comparatively large particle size. It should be noted further that Gehman 
and Morris’s results were obtained on black dispersions in rubber cements, the 
black having first been milled in the rubber in the usual way. 

Another valuable means for the determination of the diameters of small par- 
ticles is the centrifuge. Colloidal carbons have particles too small to settle out 
under gravity when dispersed in a liquid medium, the effect of the gravitational 
field being counterbalanced by the diffusion effect due to Brownian movement, 
but they can be thrown out of suspension by a sufficiently powerful centrifugal 
foree. It is then theoretically possible to calculate the grain diameters by suitable 





* Reprinted from the Transactions of the Institution of the Rubber Industry, Vol. 16, No. 2, pages 
87-104, August 1940. 
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derivations of Stokes’ formula. In this field of research the name of Svedberg 
is preeminent, and it is rather surprising that no results of particle size measure- 
ments on carbon blacks by the refined and elegant methods of the Svedberg ultra- 
centrifuge have yet been published. 

Some years ago the writer used a centrifugal method in an attempt to measure 
particle size of different blacks used in rubber compounding. The method is 
somewhat crude in comparison with Svedberg’s, but it has given results which 
are roughly of the right order. In general, smaller diameters are indicated by 
this method than by ultramicroscopical counting. 

Stokes’ law as applied to the centrifuge is given by: 





r, 
nlog — 
9 f. 
2 (e—c)w*t 
where a= radius of particle 

y= viscosity of medium 

r= distance of a particle from the axis of revolution 

r,—1,= height of column of suspension 

e=density of particle 

o=density of medium 

t= time of centrifuging 

w= angular velocity. 


a= 


Since w=2nn where n=number of revolutions per second the expression 
becomes: 





The problem of determining particle sizes by sedimentation, both in gravita- 
tional and centrifugal fields, is complicated by the fact that the particles are 
rarely, if ever, of uniform size. A sedimentation-time curve illustrating solid 
particles falling at uniform speed under gravity in a liquid will in general be 
convex to the time axis. A particle size-distribution curve can be derived from 
such a sedimentation curve graphically by means of drawing tangents to the curve, 
measuring the lengths cut off on the sedimentation axis and applying Stokes’ 
formula’. 

In centrifugal fields the problem is more complicated, as the force at any 
moment on each particle depends on its distance from the axis of revolution. 
The above formula is true for a single particle, assuming it to be spherical, mov- 
ing under a centrifugal force. It is approximately true for a suspension of par- 
ticles as a whole, provided r,—r, is small compared with r. In the practical 
case, where r,—7, is not small compared with r, the sedimentation curve will be 
more convex than in a uniform field of force, and a correction should be applied 
to the distribution curve after the latter has been derived from the sedimentation 
curve by the tangent method. The effect of this correction on the distribution 
curve would probably be to displace the main peak slightly to the left (Figure 2), 
that is, in the direction of the smaller particles, and to flatten out the curve to 
the right of this peak. A complete mathematical solution of the problem, which 
is very difficult, is awaited. 

It can be shown that, under the particular conditions of centrifuging used, the 
wall effect and the effect of diffusion opposing sedimentation can be neglected. 
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The following assumptions are made: (1) the particles are approximately 
spherical; (2) the film of protective colloid presumed to surround each particle 
does not effectively change its size and density; (3) the viscosity of the medium can 
be determined from temperatures taken at the beginning and end of each run; (4) 
the units sedimented are particles and not aggregates, and (5) the correction 
due to the variable centrifugal field can be neglected. 

The experimental procedure was to disperse the black in a dilute soap solution, 
using distilled water and a pebble mill. It was found that different blacks re- 
quired different treatments for satisfactory dispersion, but in most cases a mixture 
of ammonium oleate and tannic acid proved a good dispersing agent. It was later 
found that better dispersions were obtained if the black sludge was washed with 
ammonia. 

The sedimentations were made in a Hearson centrifuge, which has a flat rotor 
mounted on a vertical spindle and is belt-driven by an electric motor. Six metal 
carriers are fitted to the rotor and these ride in stirrups so that, when the centri- 
fuge is running, they are on a horizonal plane. Six glass tubes carrying the colloid 
to be centrifuged are normally placed in the metal carriers, but for most of the 
work under consideration metal tubes were used. These had identical mass and 
internal volume so that they could be filled to the same level for each run. They 
were also fitted with screwed-on lids to prevent evaporation. The centrifugal 
force employed varied between 1800 and 2700 times that of gravity. 

In the case of gas blacks a preliminary run was made in the centrifuge for a 
period (about 20 minutes) long enough to throw out of suspension all agglomerates 
larger than 0.2u. Such a procedure is justified, as it is well known that this value 
is well above the limit of particle size for channel blacks. After the preliminary 
run, the unsedimented portion of the suspension from each tube was removed, 
a portion being used to determine the concentration, the remainder diluted by 
distilled water to the required volume and centrifuged for the required time. 
Sedimentation times ranging from one-half hour to more than 24 hours were 
employed. Concentrations were determined both gravimetrically and colorimetri- 
cally, the two methods giving results in close agreement with each other. 

Sedimentation and particle size-distribution curves are shown in Figures 1 and 
2 for a typical sample of carbon black. The distribution curve shows the main 
mass of black to have particles between 25 and 35uu in diameter. Another type 
of frequency curve could be drawn to show the distribution as a function of 
the number of particles. Such a curve would give a still smaller figure for average 
particle size. 

An approximate value of the specific surface can now be obtained from the 
curve of Figure 1. 

If it be assumed that the particles are spheres, the number of particles of radius 
a which can be obtained from one ce. of black is: 


1 


—nras 


3 


The surface area of a single particle is 4na?, and therefore, the specific surface 





) a 
or the area of surface per unit volume of black is— sq. em. per ce. 


a 
Let x, 2’, x” be the percentages by weight of particles of radius a, a’, a” 
» Cte. 
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Then the surfaces developed in one cc. of black by particles of those sizes are: 











oz 632’ 632” 
—9 av a’ oeeeee 
100 
20h - 
25 
80 oe) 
Ca 
2 

60} 
c v 
2 Ue 

~O 4 
¢ Y 

e vA 
2 7 
” 
& fp Oe 

Colorimetric estimation a 
20 Gravimetric “ tte 
500 1000 1500 2000 2500 
Centrifuging time — Minutes. 
Fic. 1.—Sedimentation of carbon black particles in a centrifugal field. 
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The x values are obtained from Figure 1 by drawing tangents to the curve, and 
the smaller the intervals between them the closer the approximation to the true 
specific surface. 

In the case considered, values of x are taken at intervals of 5upn between the 
limits of 20 and 8Ouy. The portion of the curve depicting particles larger than 
SOuu can be ignored, as it probably represents aggregates rather than individual 
particles. On the other hand sedimentation was not carried out far enough for 
a reliable estimation to be made of particles smaller than 25uu, and the 20uu 
position has been found by extrapolation. Particles of still smaller diameter than 
20uu may exist. 

The specific surface of the sample under consideration works out at 1,690,000 
sq. cm. per cc. 

In view of the numerous assumptions which have to be made, the results, as 
far as actual figures are concerned, can only be considered as very approximate 
but, provided the same procedure is followed, the method can be used for com- 
paring particle sizes and specific surfaces of blacks. It is, of course, too cumber- 
some to use as a routine test. 

Since this paper was first prepared for publication, a most valuable contribu- 
tion has been made to the problem by means of electron microscopy‘. The re- 
sults of measurements on electron photomicrographs of a typical rubber black, 
Micronex colloidal carbon, show that the particles range from 5 to 65uu in di- 
ameter, with a prominent peak at about 28uu. Four plates with the corresponding 
frequency distribution curves are figured. From the two photomicrographs having 
the best definition specific surface, values are quoted as 4,320,000 and 4,000,000 
sq. in. per cu. in., respectively. These compare with the figure of 4,300,000 sq. in. 
per cu. in. (1,690,000 sq. em. per ec.) obtained by the centrifugal method and, 
although the agreement is to some extent fortuitous, it can be said that the 
centrifugal method is vindicated, as it provides results of the same order as those 
obtained by the only known method of direct measurement. 

The electron microscope shows further that “the preponderating geometrical 
form of the ultimate particles of colloidal carbon is spheroidal with some evi- 
dence of plain surfaces, the general conclusion being that the particles may be 
treated as sensibly isotropic”. 

Particle size and dispersion—The question is sometimes asked whether the 
particle sizes of blacks dispersed in rubber is the same as that in other media. 
Figure 3 shows a series of sedimentation curves on samples of gas black dis- 
persed in different ways. Curves (A) and (B) represent two channel blacks, 
one coarser than the other. These two samples were dispersed by the method 
outlined above, but without washing with ammonia. The curves (C), (D), (E) 
and (F) represent a standard gas black of average particle size which had been 
mixed into rubber in the usual way, and samples taken after different periods 
of milling and dissolved in xylene. To avoid the effects of flocculation of the 
black, the cements were made before the mixed stock had cooled down. Curve 
(G) represents a similar sample of black dispersed like (A) and (B) in water 
but subjected to the ammonia treatment. The usual preliminary runs to re- 
move coarse agglomerates were made on the aqueous dispersions, but not on 
the rubber solutions. 

The following facts emerge from a study of these curves. First, the effect on 
dispersion of washing with ammonia in the aqueous suspensions is marked, 
probably owing to its action in removing oxalic acid, which might. resist dis- 
persion. Secondly, the black is dispersed in the rubber solution to various de- 
grees. There is a suggestion that prolonged milling tends to improve dispersion, 
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although one of the well dispersed blacks had only a moderate milling time. 
Thirdly, the curves of the well dispersed blacks in rubber agree closely with 
that of the ammonia washed aqueous dispersion. 

It is possible that if the rubber-black stocks had been allowed to cool and 
then had been remilled, a still better dispersion in the rubber solution would 
have been obtained. More work is needed to establish this point, but it has been 
shown by microscopical examination® that carbon black agglomerates in tread 
stocks are further broken down after remilling. 

The close agreement between the rate of sedimentation of a well dispersed 
black in rubber solution and that of a well dispersed black in water suggests 
that, in a good dispersion in rubber, the black aggregates are largely broken 
down into individual particles. This assumes, of course, that the dispersion in 
the aqueous medium is fairly complete and that the state of the black dis- 
persion in rubber is unaltered when the solvent is added. Whether improved 
methods of dispersion will or will not reveal the particles to be smaller than 











80F 
Gop «A — —. scysnsstesee 
E 65min 
8 
1 
5 _ 
E poo iiocaeen F 125min 
340} 
au 
7) 
ok 
A&B. Imperfect dispersion in water. 
20 C,D.E&F Dispersion in rubber soln. after different milling 
G. Good dispersion in water. (times. 
60 Teo 180 240 
Centrifuging time Minutes. 





Fic. 3.—Sedimentation curves for gas black. 


has hitherto been supposed, it seems likely that particle size is an inherent prop- 
erty of the black itself, irrespective of the medium in which it is placed. Such 
particles may of course be compact secondary aggregates of the ultimate crys- 
talline units as suggested by Clark and Rhodes?. 

Further support of the view that particle size is an intrinsic property of all 
blacks is given by an experiment which was made some years ago. Lamp black 
was extracted from the tread rubber of a solid tire which had run on the road 
and was redispersed and centrifuged. In spite of the severe treatment, includ- 
ing the action of strong nitric acid, which the black had undergone, the rate of 
sedimentation was the same, within the limits of experimental error, as that of 
an original supply of lamp black from the same source. 

Further evidence for regarding particle size of black as independent of the 
medium in which it is placed will now be considered. 

Particle size and blackness—Johnson® has described an instrument, the ni- 
grometer, by means of which the quantity of light reflected from different 
samples of carbon black can be compared visually. No relationship between 
particle size and intensity of blackness was suggested, but the investigation under 
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consideration has shown that among the blacks tested, with two exceptions, 
differences in particle size as judged by comparison of sedimentation curves 
made under identical conditions can be correlated with differences in black- 
ness, the blacker the black the finer the state of subdivision. 

The following nigrometer scale readings were obtained over a wide range of 
blacks, a high figure representing a high degree of blackness: 
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Fig. 4. 


Figure 4 illustrates the rate of sedimentation in the centrifuge of the same range 
of blacks, except for the color blacks, which were found difficult to disperse. 
These sedimentations were made before the ammonia-washing treatment had been 
tried, and consequently the state of dispersion represented by the curves of 
Figure 4 is not complete and would give rise to distribution curves indicating 
particles larger than their true value, but the differences between the curves are 
so marked that there can be no doubt that they are in the true order of par- 
ticle size. As a matter of fact the curves later obtained on ammonia-treated 
blacks showed the same order, but some of the sedimentations were not com- 
pleted, and Thermatomic was not included among the blacks tested. None of 
the blacks represented in Figure 4 was subjected to a preliminary run in the 
centrifuge. 

Comparisons between the sedimentation curves and the nigrometer figures 
show that, although lamp black is coarser than P-33, its degree of blackness is 
of the same order. Shawinigan black, although not much finer than P-33 black, 
judged by both rate of sedimentation and ultramicroscopical measurement, is 
much blacker than P-33, and nearly as black as the coarser of the channel blacks. 
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It will be shown later that lamp and Shawinigan blacks are similarly anomalous 
in their effects on certain properties of vulcanized rubber. 

From a practical point of view, the greatest value of the nigrometer lies in 
its usefulness in comparing gas blacks, which in fact show quite appreciable, and 
sometimes fairly considerable variation in blackness. Sedimentation curves within 
the range represented by the channel blacks have shown a rough correlation 
with nigrometer readings. The nigrometer, therefore, provides a useful and rapid 
means of comparing particle sizes. é 

Particle size and resilience —Resilience or percentage energy returned during 
rebound is measured on the Healey pendulum’. Figure 5 shows resilience values 
at optimum cure on a series of compounds with increasing volumes of a wide 

-range of earbon blacks. The curves illustrate the results of an extension and 
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Fic. 5.—Effect of carbon black loading on resilience. 


amplification of the work reported briefly in 19298. The compounds now to be 
considered were based on the following formula: 
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It is seen that resilience decreases with increasing loadings of the different 
blacks and that for the same loading it decreases with the different blacks in the 
order: Thermatomie carbon, P-33 black, lamp black, Shawinigan acetylene black, 
gas black, Monarch 74 color black and Super-Spectra, also a color black. 

The curves also show that resilience follows the order of increasing blackness 
from the gray and coarse Thermatomic black to the very black and extremely 
fine Super-Spectra black, the particle size of which has been given by Gehman 
and Morris as 25uu. Rate of sedimentation in the centrifuge, ignoring lamp black, 
is also in the order of resilience (Figure 4). 

The rebound curves therefore indicate a decreasing resilience, not only with 
increased loading of black but also with decreased particle size of black, with 
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the exception of lamp black, which shows a lower rebound than P-33 black, 
although its particle size, judged by rate of sedimentation, is larger. This point 
will be referred to later. 

Not only can it be shown that resilience follows particle size when blacks of 
widely different particle size are considered but, within the relatively narrow 
range of sizes represented by gas blacks, there is the same close correlation. 
This is illustrated in Figure 6, in which 50 samples of channel black of standard 
type are compared by nigrometer testing of the black and pendulum testing 
of the standard tread compound in which the blacks were mixed. It should be 
noted that, although Fielding® stated that the application of resilience testing 
“to the separation of blacks within the range of channel blacks is new”, this 
means of comparing such blacks had then been in use for several years in the 
Dunlop laboratories. Combined nigrometer and resilience testing has shown that 
the variation in blacks from the same source, though fairly considerable, is 
generally less than that of blacks from different sources. 

Particle size and dynamic hardness—The pendulum indentation figures cor- 
responding to the resilience values plotted on Figure 5 are given in Figure 7. 
It is seen that if the lamp black and Shawinigan black curves be ignored, in- 
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Fic. 6.—Correlation between particle size and resilience. 


creasing hardness as expressed by decreasing indentation is in the order of de- 
creasing particle size. 

Particle size and abrasion—Tests were made on the Lambourn abrasion ma- 
chine!” on some of the same compounds as those which were tested on the pendu- 
lum. Reliable abrasion resistance values (Figure 8) were not obtained on the 
color blacks. It is evident that increased abrasion resistance of rubber follows re- 
duced particle size of black, except that lamp black gives similar abrasion re- 
sistance to P-33 black, although it is coarser. 

It seems probable that the practical limit of abrasion resistance is being ap- 
proached with blacks of the particle size of those used in rubber. The finer 
color blacks are more difficult to disperse, and they give vuleanizates so hard 
that the black loading has to be considerably reduced to produce tire treads at 
all comparable with those of the normal type. 

Particle shape—An examination of the resilience, indentation and abrasion 
curves shows that, although lamp and Shawinigan blacks always occupy the same 
relative positions in keeping with their difference in particle size, the positions 
of these two blacks are to some extent anomalous with those of the other blacks. 
The reason for this is obscure, but may be associated with particle shape which 
is not necessarily the same for all blacks. 

Heat treatment of black rubber stocks—The Firestone Tyre and Rubber 
Co., Ltd., in patent specificatjons'! have claimed that enhanced properties in 
rubber compounds of the tread type can be produced by deliberately inducing 
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a nonhomogeneous distribution of carbon black powder in the stock. The method 
of producing the desired effect is to subject to heat treatment a master batch 
containing carbon black with or without zine oxide “for a time such that floccu- 
lation and migration of the pigment causing stiffening of the composition have 
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Fic. 8.—Effect of carbon black loading on abrasion resistance. 


taken place to form a first network of rubber reinforced with a high percentage 
of the pigment, interlocked and interspersed with a second network of rubber 
reinforced with a correspondingly low percentage of the pigment”. It is claimed 
that other compounding ingredients may be added to the master batch includ- 
ing accelerators, but not vulcanizing agents. 
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The heat treatment is preferably carried out in an inert atmosphere and 
in the absence of milling action. Heating periods varying from two to six hours 
at temperatures between 125° C and 155° C are mentioned as suitable to give 
the desired improvement, which is stated to be in greatly increased abrasion 
resistance, lower hysteresis losses, higher modulus and lower permanent set. 

In a patent specification by Gerke, Ganzhorn, Howland, and Smallwood'?, 
similar claims regarding high abrasion resistance and low hysteresis are made 
for tread type compounds subjected to various forms of heat treatment during 
milling or subsequently, but there are important differences from the Firestone 
claims. The most significant of these is the claim of high electrical resistivity and 
low flocculation of black as distinct from uneven distribution and high floccula- 
tion of black. 
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Fic. 9.—Effect of heat treatment of carbon black M/B on resilience of final compound 
(varying loading of black). 


A considerable amount of work on this problem has been carried out in the 
English Dunlop laboratories. Different kinds of heat treatment have been tried, 
and the final compounds have been subjected to various tests, the results of some 
of which are reported below. 

Two main types of heat treatment have been effectively used. First, the stock, 
which has been mixed either on an open mill or in an internal mixer, is heated 
in a pan under steam pressure at a temperature of 158° C. After heating, the 
stock is cooled, and the mixing of the final compounds is completed on an open 
mill. Secondly, the rubber, black and softener are mixed in a hot Banbury 
machine; this is followed by cool milling and addition of further ingredients. 
This is a difficult type of process, since the Banbury mixer has to be maintained 
at a temperature of about 150° for a period of at least 30 minutes. 

The effect of heat treatment on the resilience of compounds mixed from master 
batches treated according to the first process above is shown on Figures 9, 10 
and 11. 
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The following conclusions can be drawn from a study of these curves and 
from other pendulum tests: (1) heat treatment of rubber-black stocks increases 
the resilience of the final vulcanizates throughout the whole range of black load- 
ing; (2) the highest resilience is obtained when the heat-treated stock consists 
of rubber and black only; (3) the effect is present but to a less degree when, 
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Fic. 10.—Use of heat treated gas black M/B with various accelerators. 
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Fic, 11.—Effect of heat treatment of various master batches on a tread compound. 


in addition to the black, zine oxide is added to the extent of about 5 per cent by 
weight on the rubber; (4) softeners (stearic acid and pine tar) can be added 
to the master batch, but the improvement is not so great and the resilience falls 
away more rapidly in overcured stocks; (5) no increase at all in resilience is 
found in the case of master batches consisting of rubber, black, stearic acid, pine 
tar and zine oxide; (6) the higher resilience is usually accompanied by a de- 
crease in dynamic hardness; (7) the effects of heat resistance are independent 
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of the accelerator used, and (8) at a given temperature, 158° C, the effect in- 
creases with time of treatment. up to 45 minutes and then remains constant up 
to 70 minutes. 

Abrasion testing has given rather conflicting results. Usually, however, higher 
abrasion resistance figures have been obtained on heated stocks than on stocks 
not heat treated. 

With regard to electrical resistivity changes, the claims made by Gerke, 
Ganzhorn, Howland and Smallwood!” are substantiated. Heat treatment first 
causes a considerable decrease in specific resistance, due probably, as these 
authors remark, to flocculation of the blacks. Resistivity figures as low as 10° 
ohms per cc. have been obtained. Heated stocks are much stiffer and more 
viscous than freshly mixed stocks. On remilling they first break up to give a 
dry stringy type of structure. With continued milling the stock becomes smooth, 
due presumably to the breaking down of the flocculated structure. This is con- 
firmed by resistance measurements in the final stock, which indicate a specific 
resistance approximately 10° times greater than that of conventionally mixed 
stocks. 

Dispersion and flocculation —The stiffness of unvuleanized carbon black-rubber 
stocks increases considerably on standing for periods of several days, and this 
stiffness has usually been attributed to a flocculation of the black particles. That 
structural changes take place under these conditions can be shown by swelling 
two such stocks in a solvent, one having been freshly mixed and the other al- 
lowed to stand for a few days. In the case of the freshly milled stock, the black 
particles along with the rubber diffuse in the solvent in which they remain 
suspended. In the case of the stock which has been allowed to stand, the black 
particles do not diffuse into the solvent, and the solution which is formed is 
quite clear and consists only of rubber and solvent. 

The effect of heat treatment is to accelerate enormously the structural change 
which, as pointed out above, manifests itself in a greatly reduced electrical re- 
sistivity. Park and MeClellan'*, who also have studied the effect of heat on 
the properties and structure of carbon black-rubber mixes, illustrate the prog- 
ress of flocculation during heat treatment by means of photomicrographs. They 
also illustrate the effect of further milling and mixing with additional rubber of 
a highly concentrated black-rubber master batch which was heated for a period 
of eight hours at a temperature of 132° C, and show that the “heated master 
batch was merely torn apart and distributed in the final mix mainly in the form 
of discrete lumps’. 

This tendency to nonhomogeneity in tread type compounds of normal rubber- 
black ratio mixed by diluting concentrated black-rubber master batches with 
additional rubber is not confined to heat-treated stocks, the effect often being 
present to a smaller degree in vuleanizates mixed from unheated stocks, as micro- 
scopical sections prepared by a method previously described® have shown. A 
microscopical section of a vulcanized tread compound in which the black has 
been added in the form of a heat-treated master batch of concentration not greatly 
in excess of that of the final mix is, if correctly mixed, indistinguishable in ap- 
pearance from a similar section of tread mixed from an unheated master batch, 
at all events at magnifications up to 500 diameters. And yet, because of its greatly 
increased resistivity, such a compound must in some way be structurally different 
from one mixed in the ordinary way. 

Sections of vulcanized tread compounds, with resistances as much lower than 
those of ordinary treads as the heat-treated stocks are higher, have also been 
examined microscopically, and the result again is negative. In other words, vul- 
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canizates varying in electrical resistivity by as much as 10'* ohms per cc. can- 
not apparently be distinguished from each other by ordinary microscopical tech- 
nique. This suggests that the flocculation, or whatever type of rearrangement 
the carbon particles assume in the final vulcanizate, is on a submicroscopic scale, 
the floccules or groups of particles being smaller than, or if the particles are ar- 
ranged in chains, the chains are narrower than, the smallest agglomerates visible 
in an ordinary microscopical field. The microscope indeed does not and cannot 
be expected to reveal the extent of true dispersion of carbon black in rubber. 
It can resolve nothing smaller than aggregates of several hundreds of particles. 

It may therefore be agreed with Gerke, Ganzhorn, Howland and Smallwood!? 
that the carbon black in vuleanizates made from remilled heat-treated stocks 
are, as far as can be judged from electrical resistance measurements, in a higher 
state of dispersion than normally mixed vulcanizates. 

Flocculation and reinforcement —As long ago as 1920 it was suggested by 
Depew and Ruby! that flocculation of pigments, particularly carbon black, 
might have some relation to the reinforcing effect in rubber, and Green! later 
expressed similar views. The more recent work of Park and McClellan'® is con- 
sidered by these authors to support such views. 

The data presented in this paper indicate that, although flocculation is a 
phenomenon which appears to accompany reinforcement, it does not seem to 
be a necessary factor in producing it. The abrasion resistance of the more highly 
resilient and lower flocculated heat-treated stocks is at least equal to that of 
unheated stocks, and the tensile strengths of the two types of stock are similar. 
Indeed it seems reasonable to suppose that the total prevention of flocculation 
of black in tread compounds would result in a somewhat greater degree of re- 
inforcement and enhanced wearing properties. 

Summary and conclusions —The particle sizes of carbon blacks can be approxi- 
mately determined by a centrifugal method. Blacks well dispersed in rubber so- 
lutions behave similarly in centrifugal fields to blacks dispersed in water and 
the particle size is the same in both media. 

Intensity of blackness is closely related to particle size in the case of all blacks 
produced from natural gas, the darker the black the smaller its particles. Thus 
the nigrometer, which measures blackness, provides a rapid method of compar- 
ing particle sizes. 

The properties of resilience, hardness and abrasion resistance in rubber com- 
pounds are in general related to the particle size of the blacks with which these 
compounds are loaded, but lamp and acetylene blacks show certain anomalous 
features which may be related to differences either of particle shape or nature 
of surface or both. 

The effect of heat on carbon black-rubber master batches is to increase the 
resilience and electrical resistivity of the final vulcanizates. Although heat treat- 
ment of the uncured stock first causes a rapid flocculation of the black, the effect 
of remilling is to deflocculate the stock to a far greater degree than obtains in 
conventionally mixed stocks. . 

Vuleanizates prepared from heat-treated carbon black-rubber stocks have 
their tensile and abrasive properties unimpaired, and the low state of black 
flocculation in such vuleanizates suggests that flocculation, though normally ac- 
companying reinforcement, is present as a secondary effect only. 

The author wishes to express his indebtedness to the Directors of the Dunlop 
Rubber Company, Ltd., for permission to publish this paper, and his colleagues, 
J. L. Bloxham, D. Bulgin, J. S. Hunter, B. Martin and the late J. A. Wilson, 
for valuable help in carrying out the work described. 
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DILATOMETER STUDIES OF PIGMENT- 
RUBBER SYSTEMS * 
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A number of years ago Schippel® observed that, when certain pigmented 
rubber stocks were stretched, there was a reduction in specific gravity of the 
compound. This he attributed to the separation of the rubber from the pig- 
ment, resulting in vacuole formation. Green* confirmed Schippel’s explana- 
tion with the aid of a microscope. He prepared photomicrographs of stretched 
rubber films showing the formation of vacuoles at coarse pigment particles and 
undispersed pigment acting as single large particles. These vacuoles were conical 
in shape, and extended from one or both sides of the particles in the direction 
of elongation. Depew and Easley! reported microscopic results relating par- 
ticle surface and particle size and shape to the formation of vacuoles in stretched 
rubber. 

Several years ago Holt and McPherson‘ designed a dilatometer to measure the 
volume change of rubber compounds under tension. In stretching gum-rubber 
bands, they noted a decrease in volume, which they ascribed to the fibering of 
the rubber, and an increase in volume of pigmented rubber bands, which they 
explained by the formation of vacuoles around the pigment particles. Further- 
more these investigators pointed out that the decrease in volume of rubber on 
stretching is influenced by the same considerations as the x-ray diffraction, since 
it is observed only above a certain critical elongation and is greater the higher 
the elongation, the lower the temperature, and the longer the time the sample 
is kept stretched. 

Holt and McPherson dealt almost entirely with gum stocks except that they 
included measurements on a whiting and a carbon black stock. The object of 
this investigation was to extend the work of Holt and McPherson to a more 
complete study of pigmented stocks, with particular reference to those com- 
pounded with zine oxide. 


APPARATUS 


The dilatometer was constructed following the design of Holt and McPherson, 
and a diagram is shown in Figure 1. 

It consists of a brass tube, about ~ inch in diameter and 20 inches in length, 
connected by a side arm to a glass capillary tube. The brass tube is provided 
with stuffing boxes at each end, through which a 1 mm. brass wire can be drawn 
back and forth. A molded ring-shaped sample, 0.4 cc. in volume, is stretched 
within the tube by means of a fixed hook attached at one end of the tube and 
a movable hook fastened to the brass wire. In using the apparatus, the rubber 
rings are mounted unstretched over the two hooks with the entire system im- 
mersed in water. The filling of the tube and capillary is facilitated by a second 
side tube provided with a stopcock. When the rubber rings are stretched by 
drawing the brass wire through the tube, any change of the volume of the rubber 





* Reprinted from Industrial and Engineering Chemistry, Vol. 32, No. 10, pages 1854-1359, October 
940. 
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is indicated by a change in the height of the liquid in the capillary. Control 
experiments, in which the brass wire was drawn through the tube without 
the sample attached, showed no appreciable motion of the liquid in the capillary, 
and thus indicated that the stuffing boxes were tight and the brass wire was 
uniform. The dilatometer is very sensitive to changes in temperature, and to 
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stretching. 


Fic. 1.—Diagram of dilatometer. 


overcome this objection it is mounted in a tank of water, as shown in Figure 2. 
The capillary tubes are immersed in water to within several inches of the tops 
of the tubes and the height of the capillary is made visible by the glass front 
built in the tank. The volume of water in the tank is sufficient so that the 
maximum temperature variation without a thermostatic control is well within 
1° C over a period of 8 hours. Two dilatometers are mounted on a frame which 
can be withdrawn from the tank by a pulley and counterweight. The rubber 
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bands are stretched by the brass wire, which, in turn, is attached to a heavy 
cotton cord running over a pulley on the bottom of the tank and is wound on 
the windlass mounted at the top of the panel. The samples used were molded 





Fic. 2.—Mounting of dilatometer in 
water tank. 


rings, which after vulcanization were carefully trimmed before insertion in the 
dilatometer. 

In making the actual measurements, the bands are rubbed with the fingers 
under water to ensure complete wetting and inserted in the dilatometer, and 
the zero reading on the capillary is made. The bands are then stretched 50 per 
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cent and held in this position 2 minutes, and the height of the water in the 
capillary is again recorded. The band is then stretched another 50 per cent and, 
after a 2-minute interval, the capillary column height is again recorded. These 
operations are continued to a total elongation of 500 per cent, the maximum 
applied in most instances. 


*“ EFFECT OF TIME OF CURE 


From the data publighed to date, it can be postulated that physical linkages 
of some kind are formed within the rubber during vulcanization, and that as 
cure progresses a greater number of these linkages or bridges are developed. 
These bonds tie the long-chain rubber molecules together in a more-or-less 
rigid body. Therefore, when an undercured compound is stretched, the rubber 
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Fic. 3.—Effect of time of cure on volume change. 


molecules orient readily, whereas an overcure will require a greater amount 
of tension to orient or fiber the rubber. This mechanism is consistent with the 
results plotted in Figure 3 for a stock elongated in the dilatometer. The rubber 
compounds employed in these experiments had the following base composition 
and were cured at 126° C. 
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The data in Figure 3 are presented both as volume change—per cent elongation 
and as volume change—load curves. A decrease in volume as the rubber was 
stretched was evident in every instance, with the greatest decrease in volume 
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in the shortest cure and the least change in the longest cure. There was a pro- 
gressive change in volume of the intermediate cures. It is also noteworthy 
that longer cures exhibit a slight positive volume change in the initial stages 
of stretching, followed by a decrease in volume on further stretching, for which 
no explanation is offered. The volume change—load curves are developed 
from the elongation data by determining the stress-strain values of the com- 
pounds on a tensile machine by increasing the elongation of the tensile speci- 
mens at the same rate as was used on the rubber band in the dilatometer. A 
series of x-ray diffraction patterns (Figure 4) for the same gum stock confirms 
the dilatometer measurements. Tensile specimens (0.50.05 inch cross-section) 
were elongated in 50 per cent elongation stages similar to the treatment of 
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X-RAY DIFFRACTION PATTERNS 
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Fic. 4.—X-ray diffraction patterns for gum stock elongated 350 per cent. 


Permanent set values are given in per cent. 


the dilatometer bands to an elongation of 350 per cent and exposed to an x-ray 
beam from a molybdenum target. A maximum intensity of fibering was noted 
in the 45-minute cure, with a gradual diminished fibering for the longer cures. 
That the 20-minute cure does not exhibit greater fibering in this series of x-ray 
patterns appears to contradict this statement. It is felt that the 20-minute cure 
actually does fiber more when initially elongated. However, 13 hours are re- 
quired for the x-ray exposure, and during this time fibering is reduced, because 
the plastic flow of the undercured stock lowers the tension on the specimen. 
The 15-minute cure is so soft and flabby that a sufficient load cannot be applied 
to induce any fibering of the specimen when elongated 350 per cent. The high 
permanent-set values for these cures measured after the exposure interval sup- 
port this contention. Recently published x-ray diagrams by Gehman and Field? 
are also in agreement with these observations. These investigators found that 
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under tension a gum stock of approximately the same composition as that em- 
ployed in this study exhibited a strong fiber pattern in a 40-minute cure, but 
after a 240-minute cure the fiber diagram had almost disappeared. 


EFFECT OF PIGMENT 


Before we endeavor to explain the dilatometer experiments on pigmented 
stocks, some microscopic observations made in this laboratory will be dis- 
cussed. Ground barytes was compounded at low concentration in a rubber 
stock cured in a thin film and examined microscopically while being elongated 
in a specially designed stretching apparatus mounted on the stage of the micro- 
scope. When the barytes stock was slowly stretched, vacuoles formed first at 
the coarse particles, and as stretching was continued vacuoles developed at the 
finer particles of barytes. A count of the vacuoles was made on a number of 
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Fic. 5.—Effect of barytes on vacuole formation 
after stretching. 


the elongated rubber specimens; the results are plotted in Figure 5. At 300 
per cent elongation 20 per cent of the barytes particles of 12-micron size had 
vacuoles, but none of the 3-micron particles was separated from the rubber. 
At 500 per cent elongation 90 per cent of the 12-micron particles had developed 
vacuoles, and about 10 per cent of the 3-micron particles had vacuoles at the 
rubber-pigment interface. In other words, vacuoles will form at a coarse par- 
ticle in rubber at a lower elongation than at a fine particle under the same 
loading conditions on the rubber stock. The interpretation of these observations 
is that greater shear stresses are set up around a coarse particle than around a 
fine particle because the larger surface area of the coarse particle offers a 
greater resistance to the flow of rubber around it as the rubber stock is stretched. 
Finer pigments may behave similarly, but the individual vacuoles formed are 
so small that they cannot be observed microscopically, nor can the volume 
increase due to vacuole formation be detected by the dilatometer unless highly 
loaded stocks are used. 

The gum stock base was compounded with 16.4 volumes of a fine particle 
size oxide (0.22 micron); the dilatometer results for a range of cures are given 
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in Figure 6. In the short cures there was an over-all decrease in volume, with 
a slight increase in volume evident between 350 and 500 per cent elongation. 
The long cures exhibit only a volume increase. It is believed that, when stretched, 
soft undercured rubber first fibers before there is a sufficient shearing stress 
at the pigment-rubber interface to form vacuoles. As the extension cycle is 
continued, however, this shearing stress builds up, and vacuoles begin to form 
beyond 350 per cent elongation. In the longer cures the rubber is stiffer, and 
vacuoles begin to form immediately. According to x-ray evidence, fibering of 
the rubber is taking place while the vacuoles are forming, but decrease in 
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Fic. 6.—Effect of 0.40 micron particle size zinc 
oxide (16.4 volumes) on volume change. 


volume due to fibering is obscured in the dilatometer measurements by the 
increase in volume due to vacuole formation. The volume change-load curves 
for this stock are shown in Figure 6. 

A similar set of curves for the same loading of a zine oxide of 0.40 micron 
is plotted in Figure 7. These data show a somewhat greater volume increase on 
stretching than the finer particle size oxide (0.22 micron). In the case of the 
larger oxide particles, greater shearing stresses are developed around the pig- 
ment particles when the rubber is stretched, and vacuoles begin to form as 
soon as the stock is subjected to the slightest load. Fibering of the rubber takes 
place simultaneously, but is not detectable in the dilatometer measurements. 

The effect of particle size of zinc oxide en the volume change on stretching 
of rubber is shown in Figure 8. For the same loading of zine oxide (16.4 volumes), 
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the volume of vacuoles formed is directly proportional to the particle size of 
the oxide. The volume of vacuoles formed is related directly to the pigment 
content of the stock for an oxide of 0.40 micron, as illustrated in Figure 9. 
With lower loading (2 volumes), the volume increase is of the same order of 
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Fic. 7.—Effect of 0.22 micron particle size zinc 
oxide (16.4 volumes) on volume change. 
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Fie. 8.—Effect of particle size on volume change 
upon stretching. 


magnitude as the decrease in volume due to fibering, which results in a zero net 
volume change. The dilatometer measurements were made on bands cured 
to an equal state of cure. 

Pigments other than zine oxide were examined in the dilatometer, and the 
results are shown in Figure 10. Although precise determination of the par- 
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ticle size of the various pigments and inerts has not been made, indications 
from these curves are that the volume increase on stretching is largely influenced 
by the particle size rather than the surface characteristics of the material. 
Comparable cures were selected for the dilatometer tests. 
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Fig. 9.—Effect of volume loading of 0.40-micron 
zine oxide on stretching. 
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Fic. 10.—Effect of 16.4 volume loading of 
various pigments on volume increase at 500 per 
cent elongation. 


The data discussed up to this point have dealt with the initial elongation of 
rubber bands from 0 to 500 per cent elongation in 50 per cent stages, with 
92-minute intervals between each stage. Volume change measurements were 
also determined on the rubber bands during the retraction cycle, and then 
during the second extension cycle to 500 per cent and the second retraction cycle. 
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Figure 11 shows the results for the 45-minute cure for the compound discussed 
in Figure 6. On the first retraction cycle the volume of voids or vacuoles around 
the pigment particle decreases slightly as the stress on the rubber band is 
released. Below a load of 5 pounds the change is more rapid. When this rubber 
band is elongated the second time, there is a slight increase in volume, but on 
continued stretching there is an inflection point in the curve and a decrease in 
volume is noted. At the end of the second retraction cycle, the original volume 
of the rubber stock is not quite restored, perhaps owing to a permanent set 
or deformation. The volume change—load relations for this cure are also 
charted in Figure 11. 

The proposed mechanism also serves to explain these data. During the first 
extension cycle the rubber is stiff, and vacuoles are formed around the pigment 
particles. A load of 27 pounds is required to elongate the test-piece to 500 per 
cent for the first cycle and 8.5 pounds for the second cycle; this indicates that 
a considerable breakdown or softening of the rubber occurred during the first 
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Fic. 11.—Effect of repeated stretching on the 
compound containing 0.22-micron zine oxide. 


cycle. The rubber is fibered at the beginning of the first retraction cycle, and 
presumably while the rubber is in tnis condition the volume of vacuoles changes 
only a slight amount. When the tension on the band is released so that the 
rubber is amorphous, the vacuoles disappear in a short range between 5 pounds 
and zero load. In the second extension cycle there is a decrease in volume because 
the rubber is softer and fibers more readily, and the shearing stresses around 
the pigment particles have been considerably lessened as the result of the first 
extension cycle. A parallel example is the data in Figure 6, which shows the 
effect of cure. The first extension cycle is similar to the stiff overcures which 
are accompanied by vacuole formation; the second extension cycle corresponds 
to the soft undercured bands which exhibit volume decrease on stretching. 
Since all the precediig stocks were accelerated with mercaptobenzothiazole, 
several compounds accelerated with diphenylguanidine were examined in the 
dilatometer. This accelerator requires neither zinc oxide nor fat acids for acti- 
vation, and offers an opportunity of studying the effect of these compounding 
ingredients. A gum stock containing 4 per cent of sulfur and 2 per cent of 
accelerator showed essentially no change in volume when stretched from 0 
to 400 per cent, but when 5 per cent of zine oxide was added to this com- 
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pound there was a definite decrease in the volume of the rubber bands during 
stretching. The data for the 60-minute cure at 141.5° C are plotted in Figure 12. 
The compound containing zine oxide was considerably stiffer than the zinc- 
oxide-free stocks; 12.5 pounds were required to stretch the zinc oxide stock 
to 400 per cent, and only 2.5 pounds for the zinc-oxide-free stock through the 
same range. The explanation offered for the molecular orientation in the previ- 
ous cases does not apply here. In those instances fibering took place in the 
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Fig. 12.—Effect of zine oxide on a dipheny]- 
guanidine stock. 
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soft cures, but in this case fibering occurs with the stiffer stock. Perhaps without 
zine oxide in a rubber stock a type of linkage is developed during vulcanization 
which does not permit a ready fibering of the rubber when it is stretched. The 
diphenylguanidine stocks were examined by x-ray; there was no evidence of 
molecular orientation in the zinc-oxide-free compound elongated to 300 per 
cent, but the characteristic fiber pattern was noted for the stock containing 
5 per cent zine oxide. The zinc-oxide-free stock exhibited the amorphous ring 
diagram of unstretched rubber. 


EFFECT OF DISPERSING AGENT 
The value of stearic acid as a dispersing agent for zine oxide is demonstrated 


by the data charted in Figure 13, in which a diphenylguanidine stock contain- 
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ing 16.4 volumes of zinc oxide is compounded with various amounts of stearic 
acid. Without stearic acid in the compound there is a definite volume increase 
on stretching, and the addition of 0.5 per cent of stearic acid did not influence 
the dilatometer results to any extent. However, with 1.0 per cent stearic acid 
in the compound there is a substantial reduction, and with 2 per cent stearic 
acid an additional slight reduction in the volume of vacuoles formed in the 
dilatometer. The measurements on a 2 per cent paraffin compound are essentially 
the same as those for a stock without added stearic acid. The significance of 
these observations is that, with an insufficient amount of fat acid in the stock, 
incomplete dispersion of zine oxide results, and the undispersed pigment acts 
as single large particles when the rubber is stretched and a large volume of 
vacuoles is formed. In this case (16.4 volumes of zinc oxide of 0.22-micron 
particle size), the most striking improvement in the dispersion of the zinc oxide 
is obtained with 1 per cent of stearic acid. Stearic acid is an effective dis- 
persing agent for zine oxide in rubber, whereas paraffin, having a nonpolar 
molecule, does not aid in the dispersion of zine oxide in rubber. 


RELATION TO DYNAMIC FATIGUE 


It is the opinion that fibering of rubber and the flexing properties of rubber 
compounds are closely related, and that a consideration of this approach to the 
flexing problem should lead to a better understanding of the dynamic fatigue 
of rubber. Preliminary experimental evidence with elongated tensile specimens 
has indicated that, when the complete flexing cycle is conducted with the rubber 
in a fibered state, the flexing life of the rubber compqund is far greater than if 
the flexing cycle includes a range in which the rubber changes from crystalline 
to amorphous. The experiments were conducted on a De Mattia flexometer, 
and when a gum stock was flexed from 0 to 250 per cent the flexing life was 
one-fortieth that of the same compound flexed from 100 to 350 per cent. In 
the 0 to 250 per cent cycle the rubber changes from an amorphous to a fibered 
state, and it is believed that the frictional heat associated with this transition, #.e., 
the Joule effect, is responsible for premature fatigue of the rubber. The rubber 
molecules are probably oriented somewhat throughout the entire flexing cycle 
of 100 to 350 per cent, so that the Joule effect which would induce premature 
fatigue has been minimized. 
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COAGULATION OF RUBBER LATEX 
AND ITS CONTROL * 


D. F. Twiss and P. H. Ampuietr 


DuNLop RuBBER CoMPANY, LTD., BIRMINGHAM, ENGLAND 


The development of latex processes for the manufacture of rubber goods is 
closely associated with the discovery of methods for controlling the coagulation 
of latex, particularly of compounded latex. As evidence of this association, it 
is necessary only to mention such processes as the electrodeposition of rubber, 
the use of films of coagulants on dipping formers, or on the external surface 
of latex films the thickness of which is to be increased by further dipping opera- 
tions, the thermosetting of heat-sensitized latex mixings, and the use of delayed 
coagulants for the production of shaped rubber articles by mass-moulding of latex. 

In spite of this activity, apart from consideration of the importance of the 
electric charge of the latex globules and the phenomena contributed by its pos- 
sible inversion, there has been relatively little investigation into the factors in- 
fluencing, sometimes very seriously, the course of the coagulation process. 

Little thought has been given, for instance, to the possible significance of the 
part played by the serum solids which are commonly present during the coagu- 
lation of latex. Our experiments, however, show a very distinct effect on the 
part of these water-soluble components of the ammonia-preserved latex when 
the rubber content of the latter is coagulated by addition of acetic acid. The 
water-soluble components in question are not only those present in latex as 
it leaves the tree, but also the saline substances formed by the neutralization of 
the preservative ammonia by the coagulant acetic acid. 

Commercial ammonia-preserved latex (A) of 60 per cent concentration (con- 
taining approximately 0.5 per cent of NH, and produced by centrifugation) was 
diluted with distilled water to a rubber content of 12 per cent, and was di- 
vided into a number of samples which were then treated with a range of propor- 
tions of diluted acetic acid, followed by vigorous stirring. Coagulation was then 
allowed to proceed undisturbed for 2 hours, after which the rubber clot was 
removed, washed, sheeted, dried at 100° C, and weighed. The remaining serum, 
whether clear or milky, was also examined as to its pH value by means of a 
glass electrode. Similar treatment with a range of proportions of acetic acid 
was also given to the same latex (A), from which, after dilution to 17 per cent 
of rubber with distilled water, the free ammonia had been removed by addition 
of a slight excess of formaldehyde (formalin). Before the introduction of the 
acetic acid, this latex (B) was also brought to a rubber content of 12 per cent. 
Comparison of the curves for A and B in Figure 1 shows that the removal of 
free ammonia results in a distinct narrowing of the range of pH over which 
coagulation takes place. 

Coagulation in a similar manner over a range of pH was then effected with 
latex (A) which had been submitted to dialysis inside a collodion sac in several 
changes of distilled water over a period of 48 hours. The concentration of this 
dialyzed latex was reduced with distilled water to a rubber content of 12 per cent 
(latex C) before the coagulation experiments. Investigation of the coagulation 


* Reprinted from the Journal of the Society of Chemical Industry, Vol. 59, No. 9, pages 202-206, 
September 1940. 
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behavior was also made with latex C, which, by the addition of the appropriate 
salt, had been rendered 0.1N with respect to potassium sulfate (latex D) and 
ammonium acetate (latex E). The results for latex C are given in Figure 2, and 
show that the pH value at which maximum coagulation occurs is more definite 
for dialyzed latex than for formaldehyde-neutralized latex, presumably because 
of the presence in the latter of the natural saline substances of the natural latex. 
This effect of saline substances is well shown in the curves in Figure 2 for latices 
D and E, where the presence of the additional potassium sulfate or ammonium 
acetate, particularly the former, has resulted in a marked broadening of the 
pH range over which maximum coagulation occurs. It is already known that 
salts broaden the range of pH over which coagulation of a protein can take place. 
The results represented in Figure 2 are, therefore, in accord with the commonly 
accepted view that the rubber particles in normal Hevea latex carry an adsorbed 
layer of protein. 
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As mentioned earlier, another valuable practical possibility for manufacturing 
processes based on latex is that of adding to latex, or to latex mixtures, substances 
which render the latex capable of coagulating eventually to a continuous coherent 
mass, either after a fairly definite time interval or when the temperature is 
raised, although the normal fluid condition is retained temporarily during the 
periods required for the completion of the remaining necessary processing opera- 
tions such as the filling of moulds. Various types of chemical processes may 
be associated with this practice of delayed coagulation. A recognized coagulant 
may be added in insufficient proportion to cause immediate coagulation of latex, 
but yet sufficient to induce coagulation eventually, either by mere lapse of 
time or on raising the temperature. Alternatively a substance or combination 
of substances may be introduced which is capable of undergoing chemical altera- 
tion, with formation of a coagulant agent or agents, so that the rubber of the 
latex is finally converted into a more or less coherent condition. 

In the more definite cases of “delayed coagulants” which are effective at ordi- 
nary temperatures, or at least below 100° C, the eventual coagulating or gelling 
effect generally arises from the formation of bi- or multivalent metallic ions, of 
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hydrogen ions, or of both classes of ion concurrently. The use of zinc oxide and 
ammonium sulfate jointly? provides an example of the former class, the chemical 
interaction of these substances in solution giving rise to zine sulfate and con- 
sequently to zine ions. On the other hand, the use of noncoagulating substances 
which on rise of temperature decompose or interact to form coagulants’, e. g., 
ammonium persulfate with or without the assistance of reducing agents, may 
give rise to coagulants only of the acidic or hydrogen ion type. 

Sodium fluosilicate is another well known agent for the delayed coagulation 
of the rubber in latex. It has been used on the plantations in the preparation 
of estate rubber, but some authorities have found that it does not give very good 
results*. Yet in the gelling of compounded latex for the manufacture of moulded 
latex products on a commercial scale, sodium silicofluoride has been found capable 
of application with satisfaction. 

This difference in experience may arise from the fact that sodium fluosilicate, 
when used as a coagulant on the plantations for the production of crude rubber, 
acts merely as an eventual source of acidity by undergoing hydrolysis by the 
water of the latex, with formation of sodium fluoride, silicic acid, and hydrofluoric 
acid, the last-named being the effective coagulating agent. In compounded latex, 
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on the other hand, the chemical changes go further, because the hydrofluoric 
acid attacks the zine oxide, which is an almost invariable ingredient, and con- 
verts it into zine fluoride, thereby producing zinc ions in the latex. This doubt- 
less provides the explanation for the otherwise surprising fact that coagulation 
of compounded latex by sodium fluosilicate may be observed actually at pH 
values greater than 7, 7. e., on the alkaline side of neutrality®. 

The course of hydrolysis of sodium fluosilicate by water is represented by 
the equation: Na,SiF,+4H,O = 2NaF+Si(OH),+4HF or, in ionic terms, 
Sif,” +4H,O@S8i(OH),+4H°+6F’. The reversibility of this reaction is demon- 
strated by the earlier part of the curve in Figure 3, which records the results of 
measurements of the pH of aqueous solutions of commercial sodium fluosilicate 
at 20° C over a range of dilutions. The acidity of the more concentrated solutions 
is increased by dilution, a maximum acidity and minimum pH value being at- 
tained at a pH value of about 3.2. As the solubility of sodium fluosilicate in water 
is approximately 1 part in 153 at 17.5° C, the highest proportions in the curve 
of Figure 3 include some undissolved fluosilicate. Even with these dispersions of 
undissolved fluosilicate in a saturated solution, it will be noted that the latter 
is still on the acid side of neutrality. 

When sodium fluosilicate is introduced as a solution or aqueous dispersion into 
an aqueous solution of ammonia (such as is comparable in alkalinity with ordi- 
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nary preserved latex), the ammonia undergoes gradual neutralization by the 
acid formed by the fluosilicate. With an excess of ammonia this is neutralized in 
the proportion of four molecules of the ammonia to one molecule of the fluosili- 
cate. The rate of the chemical reaction is indicated by the following table, 
which gives the amount of N hydrochloric acid required to neutralize 25 ce. 
withdrawn at intervals from a stirred mixture containing initially 1.26 per cent 
of dissolved ammonia and 1.55 per cent of sodium fluosilicate, this being the 
calculated proportion for reducing the ammonia content of free ammonia to 
0.7 per cent. The indicator used was methyl orange. It will be observed that 
the reaction was almost complete in 90 minutes. 


TABLE I 


Time ee. N HCl Free NHs; pH 

oR eee eee nee Oneerer Baee 18.6 1.26 11.2 
ae a ry ey ee es 18.0 — ae 
Jb SA ee eae 14.7 — — 

52 ian AE SPR ere) pees 123 — — 
81 I ee et Ni ad 10.8 — — 
LO OTT ea aaa eee eer eae 10.3 0.70 99 


If, on the other hand, a saturated solution of sodium fluosilicate solution at 
20° C is divided into equal portions (10 cc. each), and a range of gradually 
increasing proportions of alkali is added to these, it is found (see Figure 4) that 
with the smaller proportions of alkali (sodium hydroxide) the pH value of the 
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resulting mixtures attains a constant value almost at once, but that when the 
alkali suffices for more than approximately half the available acidity, pH measure- 
ments after 0.5, 1, and 5 minutes, respectively, reveal a relatively slow after- 
neutralization. A similar observation by van Harpen® was attributed by this 
worker to the formation of a silicon oxyfluoride, SiOF,, as an intermediate stage 
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in the hydrolysis of the fluosilicate, this oxyfluoride being postulated to undergo 
hydrolysis more slowly. The existence of an intermediate salt, Na,SiOF,, seems 
more probable. 

As has already been stated, in the treatment of compounded latex with 
sodium fluosilicate, coagulation may occur before the alkalinity of the latex 
is neutralized. This effect is doubtless caused by the formation of zine fluoride, 
which is fairly soluble in water. In such circumstances therefore there are two 
factors competing for control of the coagulation process, viz., the acidity or pH 
effect and the metallic ion effect. These are mutually helpful, but it is important 
in some cases that the metallic ion effect shall not be too pronounced. If the 
metallic ions are effective prematurely, coagulation occurs under conditions defi- 
nitely alkaline, and may lead to the formation of mechanically weak coagula. 
This may give rise to practical difficulties or unsatisfactory results in manufac- 
turing operations. The addition of a sparingly soluble salt of zinc, but one which 
is nevertheless more soluble than zine oxide in the conditions obtaining in the 
fluosilicate-treated latex mix, serves as a check to the occurrence of this trouble. 
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The solubility product of zine sulfite, for instance, is greater than that of zinc 
oxide; on this account, as the pH value falls, the zine sulfite gives a considerable 
concentration of zinc ions, which naturally tends to suppress the solubility of 
the zinc oxide and its consequent electrolytic dissociation into zine ions and 
hydroxide ions. Reduction in the proportion of hydroxide ions available at 
any one time from the zinc oxide minimizes the rate at which this can effect 
neutralization of the hydrofluoric acid from the sodium fluosilicate. The pH 
value obtained during coagulation is therefore lower, and the coagulum has greater 
mechanical strength than when the coagulation process occurs under more alka- 
line conditions. This effect on the pH value at the coagulation point is demon- 
strated in curves a and b of Figure 5. The results reproduced refer to compounded 
latex containing 60 per cent of total solids and approximately 0.2 per cent of 
NH,, to which were added concentrated dispersions providing (a) 1 per cent of 
zine oxide and 0.32 per cent sodium fluosilicate, and (b) 1 per cent of zine oxide, 
0.08 gram of zine sulfite, and 0.32 per cent sodium fluosilicate. 

As is to be expected, temperature is another factor capable of influencing 
the rate of hydrolytic decomposition of sodium fluosilicate and its associated 
coagulative action. Seasonal variations may sometimes render accurate tempera- 
ture control difficult, and it is interesting to note that the degree of activity 
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of fluosilicate as a coagulant for latex and its mixings can also be adjusted by 
the addition of otherwise inert soluble salts which act by decreasing its solubility 
or its rate of hydrolysis. Soluble fluorides, e. g., of the alkali metals, or soluble 
alkali-metal salts of other acids, more particularly sodium or potassium salts, 
are useful. The last-named salts, which are very definite in their action, proba- 
bly cause the formation of potassium fluosilicate which, because of its lower 
solubility, is less rapidly available for hydrolysis, and the coagulating activity 
which is dependent thereon is consequently retarded. Figure 6 and Table II 
reproduce the results of experiments illustrating the effect of such noncoagulating 
soluble salts, and also the effect of temperature, the figures being relative to 
100 ce. of a latex mixture containing 0.2 per cent by weight of free ammonia and 
60 per cent by weight of total solids, consisting of rubber 100 parts, sulfur 3 
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parts, zine diethyldithiocarbamate 1 part, and zine oxide 1.5 parts. Curves a, b, 
and c relate respectively to 0.19, 0.095, and 0.0475 gram of potassium chloride, 
which were added to 100 cc. of this latex mixture. Curve d shows the rate of 
decrease in pH of the latex without any such addition. A 20 per cent dispersion 
of sodium fluosilicate was added to each mixture to give a final concentration of 
0.32 per cent. The final pH in all cases was 7.3—7.0. 

Ammonium persulfate or other persulfates, preferably in the presence of 
reducing agents, can also serve satisfactorily as “delayed coagulants’’. In the 
absence of reducing agents, the action tends to be inconveniently slow, even 
with moderate rise of temperature, but with suitable additions the develop- 
ment of acidity can be expedited considerably. 

Figure 7 reproduces curves showing the course of development of acidity 
in aqueous solutions of ammonium persulfate at various temperatures, and with 
the addition of sodium thiosulfate or of hydroxylamine hydrochloride as reduc- 
ing agent. 
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These experiments with ammonium persulfate were made in a series of tubes 
each containing 10 cc. of an aqueous solution of 0.03 gram of ammonia and 
0.25 gram of ammonium persulfate. The solutions were covered with a thin 
layer of mineral oil to prevent evaporation. 1 cc. of a 10 per cent solution of 
sodium thiosulfate was added to a number of the tubes. After various intervals 
of time the tubes were removed and cooled rapidly, the pH value then being 
measured immediately. Curves A, B, C, and D of Figure 7 show the results 
obtained after heating at 50°, 75°, 85°, and 90° C, respectively. In a similar 
manner, using a similar solution of ammonium persulfate but with hydroxylamine 
(1 ec. of a 10 per cent solution of hydroxylamine hydrochloride, which had been 
neutralized with sodium hydroxide to pH 9) instead of sodium thiosulfate, the 
development of acidity and fall in pH proceeded with reasonable speed at 20° C; 
these results with hydroxylamine are shown in curve E of Figure 7. 
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From several points of view, the ideal delayed coagulant for the manufacture 
of latex articles would be one which maintained stable conditions in the latex 
as long as possible until the actual coagulation stage, thereby facilitating pro- 
cessing operations, such as stirring, transfer by pouring, etc., without fear of 
premature incipient coagulation or flocculation. The corresponding ideal pH- 
time curve would be parallel to the time axis until it reached as rapid a decline 
as possible at the coagulation point. 


SUMMARY 


Removal of ammonia or dialysis narrows the range of pH over which coagu- 
lation of preserved Hevea latex occurs with acetic acid; the addition of saline 
substances, e. g., potassium sulfate or ammonium acetate, broadens it. These 
results accord with the view that the rubber particles carry an adsorbed pro- 
tein layer. The delayed coagulant effect of sodium fluosilicate, of which use is 
made in the manufacture of rubber articles, arises not merely from the gradual 
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development of acidity, but also from the concurrent formation of zinc ions. 
If the zinc ions become effective at too high a pH value, the coagula may be 
undesirably weak. This can be prevented by the additional presence of a 
sparingly soluble zinc salt, e. g., zinc sulfite. The coagulant activity of sodium 
fluosilicate can also be controlled by the addition of salts which decrease its 
solubility or its rate of hydrolysis. At ordinary temperatures ammonium per- 
sulfate is too slow to be a satisfactory delayed coagulant, but its action can be 
accelerated by the addition of suitable reducing substances. 
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THE INSTABILITY OF HEVEA LATEX * 


PauL STAMBERGER 


DuNLOP PLANTATIONS, LTp., MALAYA? 


In a study made on plantations in Malaya, it was found that the cause of 
instability is not the same for both fresh and preserved latex. The autocoagulation 
of fresh latex, as it will be shown, is not caused by the acid formed by bacterial 
action on the serum components (autoacidification). Coagulation takes place, in 
fact, when decomposition of the serum components is prevented by the addition 
of strong antiseptics. These experiments, carried out in 1938 and 1939 in Malaya, 
support Whitby’s view? that autocoagulation is not due to autoacidification, but 
is probably caused by enzyme action on the protein or other serum components of 
the latex’. 

The behavior of preserved latex is entirely different. Coagulation on storage 
was found to be due to acid formation and neutralization of the preserving agent 
applied. Decomposition of serum components was found in cases when coagula- 
tion did not take place, which would naturally influence the further behavior of 
latex. The action of the preserving agents is not a simple one. Inhibiting bac- 
terial growth and preventing decomposition are not enough to keep the latex in 
the liquid, colloidal state. In addition to antiseptics, chemical compounds which 
act specifically as coagulation preventatives must be present. Rhodes* recom- 
mends 0.1 per cent ammonia in addition to sodium pentachlorophenate®. This 
small quantity of ammonia, as it was found, is the specific substance, probably an 
enzyme poison, which prevents coagulation. 

A number of additional substances in combination with sodium pentachloro- 
phenate were tried, and it was found that adjusting the hydrogen ion concentra- 
tion on the alkali side was not sufficient to prevent coagulation, although bacterial 
decomposition was inhibited. Observing the changes in the specific conductivity 
of latex during storage was the most satisfactory method found to measure the 
value of preserving agents or combinations of preserving agents. An increase in 
the specific conductivity of latex was found after a few days’ storage, pro- 
vided that the preserving agent did not inhibit decomposition of the serum 
components. From this increase in conductivity on storage, it could be predicted 
whether or not the preserving agent tested would give satisfactory results, or 
whether or not the concentration of the preserving agent was sufficiently high. 


AUTOCOAGULATION OF FrEsH LATEX 


During a period of one year, a large number of samples were collected and 
examined. The collection was made two hours after tapping of the trees. No 
special precaution was made, and the collecting cups were cleaned and treated 
in the regular manner. The conductivity and pH values of the samples were de- 
termined at the end of every hour as long as the samples remained uncoagulated. 
To determine the conductivity, the Wheatstone bridge method was used. The 
pH was determined either by the electrometric method, using calomel-quinhydrone 
electrodes, or by using Lyphan indicator strips, which have a sensitivity of 0.1-0.2. 

No measurable increase in the conductivity of the samples could be observed 
before coagulation took place, indicating that no change in ionic concentration 


* Reprinted from the India Rubber World, Vol. 108, No. 1, pages 35-36, October 1, 1940. 
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occurred. This shows that the decomposition products of the fresh latex did not 
split into ions. 

Several samples did not show any change in pH after coagulation; others 
showed a slight decrease. This change was never more than 0.2-0.3. The pH of 
fresh latex varied between 6.4 and 6.8, and such a slight decrease of the pH could 
not be the cause of coagulation, since the isoelectric point of fresh latex is lower. 

To have further proof that coagulation was not caused by this decrease in the 
pH of fresh latex, the pH was adjusted, immediately after it was obtained from 
the tree, by the addition of KOH-phthalate buffer solution, to a lower value. No 
increase in the rate of coagulation was observed with these samples. The latex 
for this experiment was diluted to twice that of the original volume, either with 
distilled water or with buffer solution. The results are given in Table I. 


TABLE I[ 


pH of the sample Time for coagulation * 
BA Cite ath WATE) © iis osiscic cc ccna cases 6-8 hours 
; 6.0 (Diluted with buffer solution) ............ 6-8 hours 
56 (Diluted with buffer solution) ............ 8-10 hours 
5.2 (Diluted with buffer solution)....liquid after 10 hours but contains 


small flocculated particles 


* The first figure represents the time for the beginning of coagulation, the second for its completion. 


Still more conclusive evidence for the belief that autocoagulation of latex is 
not due to autoacidification was furnished when latex to which strong antiseptic, 
sodium pentachlorophenate, had been added was investigated. 0.3 per cent of 
sodium pentachlorophenate was added to fresh latex, the pH of which was 
increased to 7 because of the alkalinity of the antiseptic. Although coagulation 
took place in the same time as without the addition of antiseptic, in 6-8 hours, 
no change in pH was observed, even after 30 days, in the coagulated sample, and 
no odor of decomposition could be observed. 

Since sodium pentachlorophenate inhibits bacterial decomposition without pre- 
venting coagulation, latex to which this product was added could be used to study 
the effect of other substances on the prevention of coagulation. 

The following experiments were conducted on latex to which 0.3 per cent of 
sodium pentachlorophenate had been added after collection. As little as 0.1 per 
cent of ammonia was satisfactory in preventing coagulation, but 0.05 per cent 
was not effective. A much higher concentration of potassium hydroxide was 
necessary to maintain the latex fluid for more than a few days, although the pH 
after this addition was higher than in the case of ammonia. In some cases 0.3 
per cent potassium hydroxide was effective; in some cases as much as 0.5 per 
cent was necessary. Other alkali substances such as sodium carbonate and sodium 
phosphate were totally ineffective, even in concentrations as high as 2 per cent. 
Oxidizing agents, however, were found to be more effective. Sodium perborate and 
hydrogen peroxide prevented coagulation in concentrations of 1 to 2 per cent; 
the effective amount varied somewhat from sample to sample. 

It was also possible to prepare a latex which did not coagulate without the use 
of any substance other than the antiseptic. In this case the serum components 
were mostly removed by dilution and rapid reconcentration of the latex. Immedi- 
ately after collection, the latex was diluted with an equal volume of sodium penta- 
chlorophenate solution, adjusting the concentration of the sodium pentachloro- 
phenate to 0.3 per cent of the latex. This product was reconcentrated to the 
original volume by creaming. This procedure was repeated three times on the day 
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the latex was received. The product was free from any added alkali, and had 
a pH of 7. No coagulation, only slight thickening, could be observed after 90 days 
of storage. 

In view of the experiments, it can be concluded that Whitby’s view of auto- 
coagulation was correct. The autocoagulation of latex is not due to acid action. 
No direct proof of an enzyme action can be presented; however, such an action 
is highly probable, and would explain the behavior of latex. The similarity to 
other phenomena, such as the curdling of milk and coagulation of blood, also 
supports this assumption. Ammonia acts as an enzyme poison, and the increase 
of the pH on the alkali side is not the responsible factor in preventing coagula- 
tion. Oxidizing agents destroy the enzymes and thus prevent coagulation. Re- 
moval of serum components which could be coagulated by enzymes, and probably 
the enzymes too, was also effective in preventing coagulation. 

Whether enzymes are present in latex when it is formed in the tree, or are 
produced by bacterial action after tapping, is not known. 


BEHAVIOR OF PRESERVED LATEX 


For determining the rate of decomposition in preserved latex, measurements of 
conductivity and determinations of free alkali were carried out. The nature of 
decompositions in preserved latex is such that the conductivity increases, and the 
free alkali, if present, decreases with progressing decomposition. This neutraliza- 
tion of free alkali can eventually lead to complete coagulation. Coagulation will 
not take place, however, even in the case of insufficient preservation of latex, when 
the quantity of alkali added initially is in excess of that which could be neutralized 
by the products formed by decomposition. Thus, latex preserved with 0.3 per 
cent of ammonia did not coagulate, although the free alkali content decreased 
appreciably on standing. The decomposition products which form salts with 
the alkali dissociate into ions and cause an increase in the conductivity of the 
latex. The decomposition of serum components and the new products formed 
change the mechanical and chemical stability of latex. The determination of con- 
ductivity during storage of latex gave an excellent indication of the rate of de- 
composition. No attempt was made to identify the chemical nature of the de- 
composition products. The odor, however, indicated that they are to a large 
extent amino acids. 

Results are given in Tables II and III for determinations carried out with 
latices preserved with different quantities of ammonia and also for those pre- 
served with different combinations of ammonia and sodium pentachlorophenate. 

The initial specific conductivity of latex varies after preservation between 40-50 
mhos x 10-*, since the conductivity of fresh latex is also a variable figure®. The 
free alkali is determined by distillation into 0.1N.H,SO,, and then titrating 
with methyl red as an indicator. 

From the results presented in Tables IT and III, it is evident that sodium penta- 
chlorophenate in combination with ammonia, even in relatively low concentra- 
tions, is more effective in preventing decomposition in latex than ammonia alone. 

Conclusions from conductivity measurements can be drawn only when this 
figure is known. In case the initial conductivity of latex is not known, the presence 
of decomposition products in latex can be determined by potentiometric titration 
of the buffer substances formed, as recommended by Jordan’. 

The work was carried out while the author was temporarily engaged by the 
Dunlop Plantations, Ltd., in Malaya, and he is indebted to this company for 
permission to publish the results. 








136 RUBBER CHEMISTRY AND TECHNOLOGY 


Tas_e II 
LATEX PRESERVED WITH AMMONIA 


Change in Free Alkali on Storage 
FREE NH; IN % 





0 4 7 10 13 19 25 31 
days days days days days days days 

0.14 0.03 coagulated 
0.18 0.9 0.05 coagulated 
0.30 0.25 0.20 0.17 0.17 0.15 0.15 0.15 
0.44 0.42 0.40 0.37 0.37 0.37 0.31 0.31 
0.55 0.54 0.54 0.52 0.51 0.50 0.46 0.46 
0.60 0.59 0.59 0.57 0.57 0.57 0.56 0.56 
0.71 0.70 0.70 0.70 0.67 0.65 0.65 0.65 


0.80 0.77 0.77 0.77 0.76 0.75 0.75 0.75 


Change in the Specific Conductivity 


Increase in the specific conductivity in mhos 





Free NH To. 
initially oo “ 
present 4 7 10 13 19 25 31 
% days days days days days days days 
0.14 coagulated 
0.18 29 coagulated 
0.30 24 == 9 63 65 76 78 
0.44 5 — 15 18 18 31 32 
0.55 4 a 14 22 22 22 22 
0.60 0 — 0 0 12 17 19 
0.71 0 — 0 0 10 10 10 
0.80 0 — 0 0 10 10 10 
Tas_e III 


LATEX PRESERVED WITH AMMONIA AND SopIUM PENTACHLOROPHENATE 


Free alkali (in %) and increase in the specific con- 
ductivity in mhos after storage 





104 
ae 7 days 15 days 35 days 54 days 
, —"—_—_, —— ———s 
CoCl;ONa = NHs mhos mhos mhos mhos 
0 ‘0 % 104 % 10¢ % 104 % 104 
0.1 0.12 0.06 19 0.03 23 coagulated 
0.2 0.12 0.11 0 0.10 0 0.10 3 0.08 3 
0.3 0.12 0.11 0 0.10 0 0.10 0.10 3 


0.1 0.21 0.14 19 0.11 19 0.10 0.10 22 


3 

22 
0.2 0.21 0.20 2 0.18 2 0.18 4 0.18 4 
0.3 0.21 0.20 0 0.18 2 0.18 2 0.18 2 
0.1 0.29 0.25 13 0.20 17 0.20 19 0.20 19 
0.2 0.29 0.27 2 0.26 2 0.24 5 0.24 5 
0.3 0.29 0.27 0 0.26 0 0.26 0 0.25 2 
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SOME REMARKS ON THE MEASUREMENT 
OF THE VISCOSITY OF LATEX BY 
MEANS OF A CAPILLARY 
VISCOMETER * 

G. E. Van Gits 


PROEFSTATION, BUITENZORG, WEST JAVA 


J. InTRopuUcTION 


The incentive for writing this paper came from two publications, one by 
Jordan, Brass and Roe!, the other by Kendrov?. 

Viscosity is an extremely important property in latex, and it is not surprising 
that many investigators have given it their attention. 

It is always well, however, to consider carefully the property to be measured 
and the degree of accuracy to be attained, so that the most suitable method may 
be selected. 

Our objection to the method of Jordan, Brass and Roe? is that it claims to 
determine values which actually cannot be determined by the principle set 
forth by them. 

There are also certain fundamental objections to the Kendrov paper. But, 
before taking up these methods, we must state the concept of viscosity and 
derive the equations governing flow of a liquid through a capillary. 

A homogeneous liquid may be conceived as being arranged in parallel layers. 
When for any reason forces, or rather bonds, act on these layers in the parallel 
direction, there will be motion of the layers with respect to each other (laminar 
flow). 

Conversely, whenever for any reason a difference in rate of motion is set up 
between layers AB and CD, there will be forces tending to oppose the difference 
in speed. Hence these forces are fully comparable with frictional forces (di- 
mensions L-1MT-?). 

Assume force k, to be operative over distance a. The result will be a shifting 
of layers with respect to each other. Assume the speed gradient over distance 
a to be V; then the rate at which velocity decreases will be: 


D=V/a or in differential form: D=dV/da 


For a true or Newtonian liquid (not to be confused with the ideal liquid, in 
which internal friction is zero) this velocity differential is proportional to the 
deforming force per unit area, usually expressed as 7. 


D=dV/da=or= —1 ' (1) 


The proportionality factor 9 is called the fluidity coefficient, and its reciprocal 
is n, the viscosity coefficient (dimensions L-*\MT-*), 
* Translated by Julian F. Smith for RusBER CHEMISTRY AND TECHNOLOGY from Mededeeling No. 20 


van de Afdeeling Rubber Research van het Proefstation, West Java, Buitenzorg, Java. Also pub- 
lished in Archief voor de Rubbercultuur, Vol. 24, No. 5, pages 403-412 (1940). 
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Definition—A liquid has unit viscosity (1 poise) when a force a 1 dyne is 
required in a liquid layer 1 em. high with 1 sq. em. area to impart to the top 
surface a velocity gradient of 1 cm. per second with respect to the bottom sur- 
face of the layer. 
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II. FLOW THROUGH A CAPILLARY 


The equations governing laminar flow of a true liquid through a capillary 
will now be derived, i. e., these equations do not apply to turbulent flow. 

Consider a portion of the capillary and contained liquid of length 1. The in- 
ternal section (radius) of the capillary is R, and the pressure gradient across 
distance l is p,— po. 

Now consider a very small liquid column with radius r and length / along the 
capillary axis. A pressure gradient p,—p. will exert on this liquid column a 
force (p,—p,.)nr?. 

With no acceleration during flow of the liquid, this force must be held in 
equilibrium by shearing stresses acting at the surface of the liquid column under 


consideration. The shearing stress, being opposite in direction, is: —2mnr.l.t and 
accordingly: (p,—p.)nr?=—2nrl.t and 
t= — (p,— pe.) r/ (21) (2) 


From this equation it is apparent that t depends on r or, in other words, shear- 
ing stress depends on distance from the capillary axis. 
Equation (1) can also be written thus: 


dy= — dr (1a) 
Y 


On substituting for t and integrating, with due allowance for the circum- 
stance that the topmost liquid layer is in contact with the wall, we obtain for the 
velocity distribution: 


Di— Do 
4yl 


v= 


S (R2—r?) 
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The total quantity of flow in unit time is represented by the equation: 


R R (R?-r?) , ; 
=2 —_— rdr = 23 oe ahaane 2__ 2) rd p 
Q ny 7 vrdr=2n lo no) (R2—r2) rd 
_ TR pri Pz 
Q=- x it (4) 


Equation (4) is the familiar law of Poiseuille. 
It may also be written: 

TR* pi— Po 
“8Q° 


from which it is possible to calculate the viscosity when all the values are known. 


n= (5) 


III. RHEOLOGY OF NON NEWTONIAN LIQUIDS 


Thus, according to Equation (1) there is a direct proportionality between 
shearing force (+t) and rate of deformation D in Newtonian liquids. This is 
represented by Curve a in Figure 2. 

For a non-Newtonian liquid the relation between t and D in general is not 
represented by a straight line. For latex, and especially for concentrated latex, 
a relation is found which is represented by Curve 6. Obviously in such a liquid 
we cannot speak of viscosity. It is better in that case to discuss rheological 
properties rather than viscosity. 

In the case of latex, it is sufficient to assume in practice that Curve 0 is 
approximately a straight line at large values of t, so that the tangent of the 
angle formed with the tangential line has a definite value. 

Viscosity is then understood to be 1/tana, to which the value F, may be 
assigned for more exact calculations. 


IV. OBJECTIONS TO THE JORDAN-BRASS-ROE METHOD 
Jordan, Brass and Roe mention the difficulty of determining the value of F, 
with a capillary viscometer, operating with varying liquid level gradients. 
Assume the D/rt curve for latex to be represented by the line OBA, ete. 


A 
D D 








0 “ 2 0 iN 








Fig. 2. Fic. 3. 


In somewhat unconventional manner we now define viscosity at point B as: 
Yg=cotan BOF,, and viscosity at point A as y,=cotan AOF). 

Now if it is possible to determine these values separately, they consider the 
data sufficient to explain the line AB, and hence the viscosity at high values of 
t(y’=cotan a), thus permitting calculation of the threshold values of Fp. 





140 RUBBER CHEMISTRY AND TECHNOLOGY 


The viscometer employed by them was in the form of a burette. 
For a liquid level difference h,, the flow time for V cc. of liquid is ¢,, and for a 
difference h,, the flow time for the same quantity of liquid is f,. 


h,>h, 


4-~ 



































-— a oe 
Fig. 4 
Using the Poiseuille equation we find: 
_ mR*t, gdh, ; 
——— - 
and 
Rt, gdh, 
ee (7) 








Na>= 8V ‘ i, 
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where RF is radius of the capillary, L is length of capillary, d is specific gravity 
of the latex, g is acceleration due to gravity and V is volume flowing in time 
t, or ty. 

At point A, the shearing force and rate of deformation have the respective 
values, t, and Dy, and at point B: tg and Dz. Thus, according to Jordan, 
Brass and Roe: 


Na=Ta/Da4 and Np=Tp/Dp 
while viscosity at high values of t is: n’=(t4—Tg)(D4—Dpz). 
Then using Equations (6) and (7), we find: 
, TRgd  t,t.(hy—h.) 


ee i= (8) 





and for F,: 
3Rh.d 3V. Oo’ 
Py= (9) 
8L Rg t, 

We have serious objections to the calculation method followed by Jordan, 
Brass and Roe. For any given moment they always use the Poiseuille equation 
(Equation 6 or 7), although it is understood in the derivation of this equa- 
tion that it refers to a true liquid. Indeed, we integrated the equation: 


dv=(t/n)dr (1a) 


and thus brought out the Poiseuille equation. If the threshold value F,, is to be 
included in the calculation, it would be necessary in the simplest case to start with: 


dv=(t—F,)dr/n (Bingham equation) (1b) 


This equation also can be integrated, and in the subsequent discussion it will 
be used in its integrated form. 

Bingham’s equation, however, represents a purely theoretical case. But in the 
case of flow through a capillary, the small deformation velocities, 7. e., small 
values of t, can never be neglected since they are always present, no matter how 
much pressure is applied to the liquid in the capillary. 

From Equation (2), in fact, it may be seen that t has different values, depend- 
ing on the distance from the middle of the capillary. Close to the wall Tt is 
highest, and hence also the deformation velocity, while at the center of the 
tube t=O. 


V. OBJECTIONS TO KENDROV’S PAPER 


We also have fundamental objections to the manner in which Kendrov derives 
his equations. We quote: 

“As is well known, in the case of a Newtonian liquid, e. g., water, the coefficient 
of viscosity is directly proportional to the ratio of the displacing force F and the 
degree of displacement v: n=KF/v.” (2) 
And again: : 

“F is equal to the total pressure on the effluent liquid, 7. e., it is equal to the 
sum of the hydrostatic pressure of the liquid itself hd, and the additional air 
pressure Pdy,..... . 

This is incorrect; we have stated above the significance of F. (F=r). 

Kendrov also says: 

“The magnitude v is equal to the velocity of flow of the liquid, 7. e., it is equal 
to the volume of liquid flowing in 1 second.” 
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Here Kendrov is confusing average velocity with the velocity of individual 
particles. 

When his paper starts from such faulty premises, we may well disregard the 
subsequent derivation of his equations. 


VI. CONCLUSIONS 


Viscometry of non-Newtonian liquids or, as they are called with somewhat 
less precision, liquids with structural viscosity, is not a simple matter. This is 
especially true, since the phenomenon is still further complicated by such effects 
as thixotropy and dilataney. (Dilatancy is a term applied to the phenomenon 
by which a liquid with low viscosity, when subjected to mechanical influences 
such as stirring, suddenly becomes highly viscous or even solid). 

It is understandable that a few concessions to accuracy are willingly made in 
practice in order to arrive at a simple viscometric method. In making such 
concessions, however, due attention should always be given to the theoretical 
background of the situation to avoid the risk of measuring quantities which have 
little to do with viscosity as defined above. 

The need for suitable practical viscometers was experienced early in the petro- 
leum industry. But in selecting instruments, little attention was paid to theory, 
with the result that different standard viscometers were adopted in different 
countries (Engler, Redwood, Seybolt, Barbey). 

When the values obtained by these viscometric methods could be converted 
one to the other by simple calculations, as is possible, for example, with the 
different thermometric scales, the situation was not so bad. But frequently the 
relations are far from simple, and sometimes no conversion is possible at all. 
Efforts are being made now to abandon the old “Engler degrees” and other 
“degrees” in favor of c. g. s. units. 

Fortunately there is no confusion yet in the field of latex and rubber, and our 
task is to be alert in providing a sound theoretical basis for the quantities we 
determine, avoiding use of any but c¢. g. s. units. 

In principle, excellent measurements can be made with a capillary viscometer 
in a liquid such as latex, so long as the latex behaves as a true liquid. Such is 
the case when the dry rubber content is below about 20 to 25 per cent. In that 
ease the Héppler viscometer may also be employed; for latex it has certain 
practical advantages (easy cleaning). 

In view of the fact, however, that both in the capillary and the Héppler 
viscometer different parts of the liquid are subjected to different rates of 
deformation during the measurement, these viscometers are not suitable for 
non-Newtonian liquids. 

For analyzing a t—D curve, only those viscometers may be employed in 
which rate of deformation is the same throughout the entire liquid during a 
measurement. This is best accomplished in the Couette viscometer and other 
instruments employing the same principle. For measurements in concentrated 
latex, therefore, this last type of viscometer should be used. 

Having available a capillary viscometer in which the liquid can be run 
through the capillary under varying pressures, it is possible to determine whether 
a liquid is a true liquid and, if not, how far it deviates from that state. That is, 
if the amount of liquid flowing in unit time is plotted as a functon of pressure 
difference, the curve should be a straight line for a true liquid (Poiseuille’s law). 
In all other cases more or less large deviations from the linear relation are 
observed. 
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The Hoppler viscometer can be used also to ascertain whether or not a liquid 
is a true liquid. That is, in a true liquid different balls always indicate the same 
viscosity. Such is the case, for example, in latexes below 20 to 25 per cent. In a 
53 per cent latex, for example, very large deviations have been noted by van 
Dalfsen.® 

Thus our investigation is concerned with a thorough study of rheological prop- 
erties in latex, so that in time we can define more exactly the limits within 
which the capillary and Hoéppler viscometers may be employed. Moreover, 
the use of capillary viscometers with latex involves certain difficulties, such as 
cleaning the capillary tube. Again, the viscometer design must be such as to 
prevent turbulent flow, and careful attention must be given to errors neces- 
sarily occurring at high flow velocities. Griineisent and Bungenberg de Jong® 
(see reference list) have previously called attention to various considerations. 

In a later paper we shall take up the subject more in detail. 


VI. SUMMARY 


In this article the paper of Jordan, Brass and Roe? is criticized. 

The theoretical basis of viscometry is explained, and it is shown that Poiseuille’s 
law can be derived in the case of a true or Newtonian liquid flowing through a 
rapillary tube. 

It is not permissible, however, in dealing with a non-Newtonian liquid, to use 
any equation based on Poiseuille’s law, as was done by Jordan, Brass and Roe. 

The Crude Rubber Committee of the Rubber Division of the American 
Chemical Society has realized clearly the importance of uniformity in viscometry, 
but we must warn very strongly against methods based on unsound reasoning. 

We also find some fundamental objections to the paper by Kendrov?. 
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PRELIMINARY STUDIES OF THE 
CONDUCTIVITY OF LATEX * 


G. E. van Gis 


PROEFSTATION, BUITENZORG, WEST JAVA 


INTRODUCTION 


The first object of this investigation was to ascertain the extent to which latex 
conductivity measurements may be helpful in latex research. The second was 
to learn whether or not the philoscope is a suitable instrument for the rapid, 
accurate determination of conductivity in liquids. 

In the section on changes in conductivity of latex during storage, some pre- 
liminary determinations are cited (Tests 1 to 3). These measurements were not 
made with the philoscope, but followed the classical method using an inductor, 
a Wheatstone bridge and a telephone headset. 


PROCEDURE 


The Wheatstone bridge is familiar as an instrument for measuring resistance. 

When aqueous solutions or other conducting liquids are to be measured, it is 
necessary to replace the direct current by a high-frequency alternating current 
to avoid polarization of electrodes. 

In our previous tests (1938) we used an induction coil supplied by a 6-volt 
storage battery. 

The philoscope takes its current from a low-frequency oscillator (type GM 
4260), supplying solely alternating current at about 2 volts and a frequency of 
about 1000 hertz units. 

For a bridge, we formerly employed the potentiometer of the instrument for 
determining hydrogen ion concentration, with a Leeds-Northrup variable resis- 
tance for comparison. 

In the philoscope, the bridge and comparison resistance are built in, although 
it is also possible to use the philoscope exclusively as a zero point instrument 
with the so-called open bridge setup and with any other comparison resistance. 
This makes the instrument much more sensitive, so that it can be used with 
specially calibrated resistances which make the determinations still more accurate. 

As an alternating current instrument, the philoscope uses no telephone, but 
employs a cathode ray indicator which receives the current from the bridge only 
after it has been amplified by a penthode. This permits convenient and exact 
adjustment of the zero point even at the higher resistances. The measurements 
are accurate within 0.5 to 2 per cent. 

The immersion cell (type GM 4221) is placed in the liquid to be measured. 
This cell has two platinized electrodes connected to the binding post at the top. 
The cell constant is engraved on the immersion cell, but we checked it again by 
measurements in 0.1 N and 0.01 N potassium chloride solution. 

The sample is placed in a small precipitation tube and immersed in a constant 
temperature water bath. All the philoscope measurements were made at 30° C. 

The electrical setup is illustrated in Figure 1. 


* Translated by Julian F. Smith for RuBBER CHEMISTRY AND TECHNOLOGY from Mededeeling No. 21 
van de Afdeeling Rubber Research van het Proefstation West Java, Buitenzorg, Java. Also published 
in Archief voor de Rubbercultuur, Vol. 24, No. 5, pages 413-430 (1940). 
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Fic. 1.—Measurement of the conductivity of liquids. 


CONDUCTIVITY CHANGES IN AMMONIATED LATEX DURING STORAGE 


Test 1—Latex from experimental plantation ’26, BL II, dry rubber content 
37.5 per cent, tapped June 28, 1938. 


Age Conductivity at 28° C 
(days) x 108 
AP rtacdler stats ialsvancis hicrein a "aisiarsiacsiedl etareelaetors 4.52 
Be css pincstars ra rete Ris or oe Nw iereaiece lace niereto 4.96 
Pe A re earn ene Tene rr Pare ener e omer 5.18 
rege Steves Salone ae ce wren sais ns eeates 5.25 
MI ea ic areca arog encore eliotn oleic oe ouais esi 6.17 
Bea siela aw vp omar setae aieie-W ara eivisiarsienieualesiee ce 6.83 
oe ig aiae ciara cavsasdens vaca a arn ors Sia dasoin eae 4 wlas'esous 9.10 


Thus it may be seen that the greatest change in the latex occurs in the first 
two days. Thereafter conductivity increases slowly but continuously. 

Test 2—Latex from experimental plantation ’26, BL I, dry rubber ‘content 
37.4 per cent, tapped June 21, 1938. 


Conductivity at 28° C 
x 108 


TRA ee eee eee ee ek ee se oe ee ee ee 
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Apparently the preservative effect was insufficient in this case, because too 
little ammonia was added. Except that the latex coagulated in five weeks, the 
conductivity increase may be considered quite large. 

Test 3—Dhialyzed latex, dry rubber content 24.0 per cent. 


Age in days 


after end of Conductivity at 28° C 
dialysis x 108 
DAU Cetn eR Aces sea Gerak Ne ceba te 0.585 
DL uGickGeRGerae caeacieansne ans wt 0.739 
Pee nice ch ch mies Ghee hie as aera ewels 0.767 
Pi cet kee ae SEW EW aie:t was Ge aieheeR'er 0.867 


Test 4—The measurements cited below were made with the philoscope at a 
temperature of 30° C. One portion (A) of a quantity of freshly tapped latex 
(No. A 5557) was preserved with insufficient ammonia. A second portion (B) 
was preserved with twice as much ammonia; a third portion (C) was preserved 
both with ammonia and Santobrite (sodium pentachlorophenolate). 

The ammonia concentrations, determined by titration with hydrochloric acid, 
were: A, 2.2 g. per liter; B, 4.6 g. per liter; C, 1.7 g. per liter, together with 
Santobrite, 3 g. per liter. The change of conductivity with time is shown in the 
following table. 


Conductivity x 10° 





Age 
(days) Latex A Latex B Latex C 

Dice areNwhibs waves bu kkemenwicas 5.35 5.36 6.50 
lEwtyecKerwawaek bbb brie hiss 5.56 5.91 6.74 
Orcas kik dba hasiewnnh th keke wes 6.60 , 6.12 6.8 
ree re te ee eee 8.70 6.27 6.91 
DESC E ERE NaS TRENG ee Be thames 10.60 6.50 7.06 
| ee ee Oe nee 11.37 6.71 7.16 

Deets ease hers ow Sebosonwense coagulated 732 7.16 

DN Pret Re Sci wis ice aietbe fen we — 781 7.36 

DEEN aee Neel Cebe soe NGSanaebccacs — 8.0 7.49 


Latex A shows a sharp rise in conductivity, with coagulation in only 10 days. 

The behavior of latexes B and C is no different in principle from that observed 
in Tests 1 to 3, except that B shows a sudden sharp rise in conductivity after 
the seventh day. 

After the second day C did not increase much in conductivity. Hence the com- 
bination of ammonia and Santobrite apparently is a powerful preservative, in 
fact even better than a higher ammonia concentration. 

Summary.—tThe results of Tests 1 to 4 may be summarized thus: 

In well preserved latex, the conductivity increase is most rapid in the first 
two days after tapping. There is only a small rise thereafter. If these changes 
are attributed to the action of microérganisms, it may be concluded that the 
effects are greatest in the first two days after tapping. The organisms are then 
apparently less active, although it seems that sudden outbursts of activity are 
possible. 

If the latex is insufficiently preserved, the organisms are able to continue their 
activity and cause a continuous rapid rise in conductivity until finally the latex 
coagulates. 

The slow constant rise in conductivity can best be attributed to chemical effects, 
e. g., hydrolysis. 
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INFLUENCE OF RUBBER CONTENT ON CONDUCTIVITY 


To estimate correctly the influence of dry rubber content, it is necessary to keep 
all other factors constant, especially the ammonia and electrolyte contents. 

This was accomplished by passing ammoniated, clarified latex (A 5427b) 
through a concentration centrifuge. A cream and a serum were obtained in which 
the ammonia content, calculated on the serum phase, was approximately the same. 





Dry Ammonia in g. per liter 
rubber r A 
content Latex Serum 
Clarified lates occ os asic swede 31.47 3.97 6.03 
MURGENIGNOR. 60 cisecs enna cceee cones 8.87 5.13 5.70 
RAIA Was feces rac «latave fovtnere iene 60.45 2.17 5.95 


The dry rubber content in the underlatex was determined by the van Gils 
method!. 

In calculating the ammonia content in grams per liter of serum, the estimated 
specific gravity was employed. 

Weighed quantities of cream and underlatex were mixed, and the conductivity 
was measured at 30° C, 


Dry rubber content 
A 





Cream Underlatex cr ~) Conductivity 
No. (g.) (g.) wt.—% vol.—% x 103 
Raat cian sine 0.00 49.95 8.87 10.2 12.36 
BL ischoa dtatniaabaiaiarate ars 4.56 44 26 13.69 15.4 11.34 
Bias sutemeniwiawanr mane 9.07 39.48 18.50 20.6 10.47 
BNE, 3 ot Steen caistsng 13.59 35.04 23.29 25.8 9.69 
| NSP R ERY An eee eee 18.03 29.92 28.60 31.1 8.80 
ic acumen 22.29 24.28 33.75 36.7 7.90 
Mer harcte Crcieretaneie sini aic 26.87 19.46 38.80 41.8 6.08 
RE yr anes ae 31.39 14.28 44.21 47.3 6.47 
Merced narairie 36.13 9.46 49.78 53.0 5.68 
BUN atin wise ate sara 40.14 5.00 54.80 578 4.90 
Baoan smawiaes 43.75 0.00 60.45 63.5 447 


The dry rubber content in percentage by weight was calculated from the weighed 
quantities of cream and underlatex. 

The dry rubber content in percentage by volume was calculated from this 
value, using data for specific gravity of rubber and serum obtained by the author’. 

The results are indicated in Figure 2. 

As may be seen, the relation between dry rubber content and conductivity is 
represented by a line which is slightly curved. 

By extrapolation, the conductivity of rubber-free serum is found to be 
14.5x 10-8. When it is considered that the conductivity of pure rubber is zero, 
and that the curve representing the relation between dry rubber content and 
conductivity is a straight line, the curve would be as indicated by the dotted 
line in Figure 2. 

The curve obtained by experiment is concave to, and below, this theoretical 
curve. 

The problem is to ascertain the reason for this. 

Adsorption of ions by rubber particles cannot be the cause, since the ions are 
kinetically a part of the rubber particles and accumulate with them in the cream 
when the latex is centrifuged. 
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The phenomenon has the appearance of immobilization or inactivation of ex- 
cess (unadsorbed) ions and, in all probability, this means especially the ions 
in the diffuse double layer surrounding the rubber particles. 

This interesting phenomenon should amply repay further study. 
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Fic. 2.—Relation between conductivity and dry rubber content. 


INFLUENCE OF AMMONIA ON CONDUCTIVITY OF LATEX 


Experimental Procedure —Latex (85 cc.) was mixed with ammonia (15 ce.) of 
various concentrations, while keeping the concentration of rubber and other 


latex components constant. 


The results for dialyzed and ordinary fresh latexes are shown in Figure 3. For 
comparison we also report measurements for ammonia dissolved in distilled water 
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Fic. 3.—Influence of ammonia on conductivity. 
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(Curve I). At still higher concentrations Curve I must become horizontal, since 
the dissociation constant of ammonia is extremely small. Curve IIA shows changes 
in conductivity of dialyzed latex when ammonia is added. In this case, how- 
ever, ammonia content is expressed in grams per liter of latex. 

Referring ammonia concentration to the aqueous phase gives a more exact idea 
of the phenomenon. This is accomplished by the following recalculation: 


Dry rubber content of latex=15.94 wt.—%, or, in vol.—%: 
Dry rubber content = density of latex (sp. g. rubber x 15.94) =17.7% 


Accordingly, the correction factor for ammonia content is: 
100/(100— 17.7) 


Curve IIB was calculated by using this correction factor. 

Comparison of Curve I with IIB leads to the following conclusions: 

If nothing particular happens in the latex, so that the conductivities of the 
serum components are strictly additive, then latex-ammonia conductivity must 
be latex conductivity +ammonia conductivity. 

In that case, Curves I and IIB should be perfectly parallel, i. e., for every 
ammonia concentration there must be a constant difference in conductivity. 

It may be seen, however, that the difference is not constant, but decreases pro- 
gressively as the ammonia concentration increases. 

This phenomenon can be explained only by assuming that ammonia is adsorbed 
by rubber particles. 

This question will be taken up again further on. 

Curve III shows the effect of the addition of ammonia on the conductivity 
of fresh latex immediately after tapping. Unlike the other curves, the abscissas 
for this curve are based on conductivity x 10°. 

This curve differs at its beginning from the curve obtained for dialyzed latex. 
Its peculiar shape is caused by precipitation of magnesium ammonium phosphate 
when the first portions of ammonia are added. The effect is to remove ions from 
solution. 

It will presently be seen again in adding ammonia to serum from frozen latex. 


INFLUENCE OF AMMONIA ON CONDUCTIVITY OF SERUM FROM FROZEN 
LATEX 


Changes in conductivity caused by adding ammonia to serum from frozen latex 
are shown in Figure 4. In shape these curves closely resemble Curve III, Figure 3. 
Here again the first part of the curve has an S-shape, resulting from precipita- 
tion of magnesium ammonium phosphate. Moreover, the conductivity is higher 
than in latex because rubber is absent. 

On account of the very large differences, no accurate comparison is possible 
with the conductivity of ammonia in distilled water. 

To give some idea of the relation, the curve for aqueous ammonia is also shown 
at the bottom of Figure 4, plotted to the same scale but with the abscissas shifted. 


INFLUENCE OF SALTS ON LATEX CONDUCTIVITY 


For obvious reasons these measurements were made with dialyzed latex, 7. e., 
latex from which salts had been removed as completely as possible. 

Test 1—The latex for this test had been dialyzed 48 consecutive hours (Latex 
A5127). 
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It was practically ammonia-free (pH 6.8); dry rubber content 15.9 per cent; 
total solids 15.8 per cent. 

For each sample a measured volume of 2N potassium chloride was added from 
a burette to 20 cc. of latex, and the volume was made up to 25 cc. with water. 

In calculating the potassium chloride concentration, allowance was made for 
the volume occupied by rubber. The conductivity was measured at 30° C. 
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Fic. 4.—Conductivity of latex serum on addition of ammonia. 


For comparison, the conductivity of potassium chloride in distilled water was 
measured, and these figures were supplemented with values taken from the 
Landolt-Bornstein tables. The results are shown in Figure 5. 

Just as with ammonia, so also in this test, adsorption of potassium chloride 
by rubber particles is plainly evident. At the bottom of the chart, a curve is 
presented which shows the difference between corresponding abscissa values in 
Curves I and II, thus giving some idea of the amount adsorbed. 

It may be seen that, at about 200 millimols per liter, adsorption practically 
ceases to increase. In shape the difference curve approximates Freundlich’s so- 
called adsorption isotherm. 
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Test 2—Here again a 48-hour dialyzed latex (A5430) was used, but it still 
contained a little ammonia (0.37 g. of NH, per liter); dry rubber content 22.1 
per cent. 

Increasing amounts of 0.1M calcium chloride were added from a microburette 
to 100 ce. of latex. Hence the rubber content did not remain constant, which ex- 
plains the convex shape of Curve II in Figure 6. 

Test 3—The same dialyzed latex was used as in Test 2, but with addition of 
20 cc. of concentrated aqueous ammonia per liter of latex; dry rubber content 
21.7 per cent; total solids 22.2 per cent. 

Samples were prepared by adding varying quantities of 0.1M calcium chloride 
to 23 ec. of latex, and making up the volume to 25 cc. with water. Thus the rubber 
content was always the same. The results are represented by Curve III in Figure 6. 
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Fic. 5.—Effect of potassium chloride on conductivity. 


For comparison, the conductivity curve for calcium chloride in distilled water 
is also shown in Figure 6 (Curve I). 

It is evident that, whereas Curves II and III are nearly parallel, Curve I is 
much steeper. This indicates very active adsorption of calcium chloride. 

In comparison with potassium chloride, adsorption of calcium chloride, or more 
exactly of the divalent calcium ion, is far more active, a circumstance which is 
not surprising. Due to thickening of the latex, it is impossible to carry the 
measurements to higher concentrations when the calcium chloride content passes 
15 millimols per liter. 

Conclusions.—Ilt is entirely possible to follow the adsorption of electrolytes by 
rubber particles, on the basis of conductivity measurements. Further study would 
certainly be worth while. 

It would be interesting, for example, to ascertain the extent to which adsorption 
depends on the charged state of the particles (hence on the pH of the medium). 
It may be expected that a low charge will be accompanied by low adsorption. 
There should be less salt retention by the rubber in acid coagulation than in 
other methods. 








152 RUBBER CHEMISTRY AND TECHNOLOGY 


sa 





en 




















Conductivity K X 10# 


























Conceatration of calcium chloride in millimols per liter of serum 


Fic. 6.—Effect of calcium chloride on conductivity. 


ASH AND NITROGEN CONTENT IN ACID AND ALKALINE COAGULATION 


After completing our conductivity measurements, we made some comparative 
coagulation tests in acid and alkaline media to test the idea suggested above. 

An ammoniated latex (A5127) six months old was used. It had been allowed 
to stand at rest for a time to permit magnesium ammonium phosphate and other 
heavy components to settle. 

A portion of the latex, after being diluted with a like quantity of water, was 
coagulated with 5 per cent formic acid. 

Another portion was coagulated with alcohol. 

A third portion was heated ninety minutes in an autoclave at 135° C. Only a 
small portion coagulated. The latex remaining uncoagulated was heated to boil- 
ing over an open flame. Small lumps of coagulum formed and were removed. 
Finally coagulation was complete. Although heat vaporized the ammonia, the 
latex remained alkaline, and at the end its reaction was almost neutral. 

The coagulum was milled to form thin sheets of crepe. 

To gain a clear idea of the adsorbed salts, it was necessary to remove all the 
previously formed magnesium ammonium phosphate. To prevent any interference 
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from the portion which was not removed by sedimentation, the thin rolled crepe 
sheets were leached overnight with 1 per cent formic acid (of course this was 
unnecessary for the “acid coagulum”’). The crepe sheets were analyzed after being 
dried in a heated cupboard. 

The results were as follows: 


Ash Nitrogen 

(%) (%) 
a ee 0.10 0.43 
ST IO, eck inndcndeienehwawadba<ndoios 0.21 0.39 
Alcohol coagulum, but ieached with acid.......... 0.22 0.38 
PABA COR MNTILIY = carers cased cica Wataa sae ree ae adaw aan 0.32 0.41 
Heat coagulum, but leached with acid............. 0.28 0.40 


Thus the ash content is considerably higher when coagulation is effected in 
nonacid medium, which indicates more active adsorption by the heavily charged 
rubber particles. 

Nitrogen content does not differ greatly in the different crepe sheets. 

In agreement with our observations, J. W. van Dalfsen found recently that 
coagulum formed by mechanical coagulation has a higher ash content than acid 
coagulum (unpublished data). 


SUMMARY 


Most of the measurements were made with the philoscope, which is a new 
instrument made by Philips Gloeilampenfabriek. 

With this instrument the conductivity of latex can be measured easily and with 
sufficient accuracy. Obviously conductivity measurements are highly important 
for latex research. 

It is shown in Tables 1 and 2 that the conductivity of latex continually increases 
on standing. If enough ammonia has been added, this increase becomes smaller 
after two days; if not, it continues unabated, and in time the latex coagulates. 

The dry rubber content has a great influence on conductivity, which may be 
explained by assuming that the serum is the only electrically conducting medium. 
However, the conductivity decrease is somewhat greater than can be explained 
on this assumption alone. 

Ammonia has a great influence on conductivity in dialyzed latex (Figure 4). 
But since the conductivity of ammoniated latex is less than the sum of the in- 
dividual (latex and aqueous ammonia) conductivities, a great deal of ammonia 
must be adsorbed on the latex particles. 

When ammonia is added to fresh latex or to serum prepared by freezing latex, 
the conductivity curve shows a remarkable bend, caused by precipitation of mag- 
nesium ammonium phosphate (Curve III, Figure 3; Figure 4). 

Conductivity measurements in dialyzed latex after adding salts show that the 
salts are partially adsorbed by the rubber globules. Divalent calcium ion espe- 
cially is strongly adsorbed. 

It was found that acid coagulation of latex yields rubber with a much lower 
ash content than when latex is coagulated without acid, as by heat or by alcohol. 
This may be explained by the fact that, in acid medium, the charge on the latex 
particles is small and, consequently, adsorption of electrolytes is also small. 
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VAN HARPEN’S HYDRATANT ACID * 
R. F. A. ALTMAN 


PROEFSTATION, BUITENZORG, WEST JAVA 


INTRODUCTION 


The so-called hydratant acid or H-acid was isolated from plantation latex by 
van Harpen! as “a pale brown powder having an odor identical with the typical 
smell of crepe rubber drying in a rubber dry-house.” 

On page 114 of his original paper van Harpen has this to say about H-acid: 

“An attempt was made to purify the product by reprecipitation, but it proved 
to be entirely inert to solvents, whether cold or hot. Water, ether, alcohol, gasoline, 
benzene, toluene, chloroform and acetic acid had no effect. 

“The substance dissolves directly in alkalies or alkaline carbonates, but the so- 
lution must then be made very strongly acid to effect reprecipitation. The pre- 
cipitate then has an altered composition and is difficult to filter. 

“Difficulties were also encountered in the melting point determination. At 
150° C, decomposition products were formed, which indicated the presence of 
nitrogenous complexes. At 255° C, the substance is completely melted, and at 
higher temperatures it decomposes and forms a liquid and a hard carbonaceous 
lump. 

“Tyrosine, tryptophane and phenylalanine must be absent, since Guerbet’s test 
for aromatic compounds gave a negative result. Titration with potassium hy- 
droxide by the formol method gave a strong impression that the substance is an 
amino acid. 

“After drying the powder at 25° in a desiccator over calcium chloride, the sub- 
stance was dried to constant weight at 100° C in a drying oven, which caused 
an additional weight loss of 2-4 per cent. 

“Elementary analysis of the substance presented difficulties in resistance to 
reagents, decomposition and charring. Combustion in a current of oxygen and 
analysis by the methods of Ter Meulen, Heslinga and the Wilfahrt-Kulisch modi- 
fication of Kjeldahl’s method gave a series of concordant analytical results the 
averages of which are: 


C 57.18% H 10.17% O 25.21% N 7.44% Total 100.00% 


“It is absolutely necessary to keep the underlatex coagulum cold, prepare the 
extract as rapidly as possible and dry the precipitate immediately. The substance 
is an ideal nutrient substrate for moulds and other microérganisms, so that mould 
growth and a drop in nitrogen content could be observed when drying was slow. 

“Thus, the nitrogen content was 5.93 per cent after a few days of damp storage, 
and 4.81 per cent after a week. If the hydratant is dissolved in potassium car- 
bonate solution and allowed to stand a few days at 25° C, there is evolution of 
ammonia; if hydrochloric acid is added to the decomposing solution, a white 
turbidity appears in time, but no precipitate as with the fresh preparation. With 
a large quantity of hydrochloric acid, a precipitate is formed in a week, but it 
is difficult to filter, and contains only 2.54 per cent nitrogen.” 


* Translated by Julian F. Smith for RusBerk CHEMISTRY AND TECHNOLOGY from Mededeeling No. 19 
van de Afdeeling Rubber Research van het Proefstation West Java, Buitenzorg, Java. Also pub- 
lished in Archief voor de Rubbercultur, Vol. 24, No. 5, pages 395-402 (1940). 
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From the results of elementary analysis, van Harpen arrived at the empirical 
formula C,H,,NO,, and proceeds to say: 

“'... in view of the amino acid character, the structural formula may be 
written in its simplest form as C,H,,(OH)(NH,)COOH, an aminohydroxypelar- 
gonic acid. 

“We designate it hydratant acid or H-acid. With the equipment available to 
us, no exact determination of structure was possible with this difficultly obtainable 
substance. 

“The simple structure suggested here for hydratant acid may be regarded as 
being probable but by no means proved. 

“We hope in a later paper to return to the problem of exact characterization, 
with more detailed analytical and synthetic results.” 

So much for quotations from the original paper. The communication mentioned 
in the paragraph quoted last has not yet appeared. The following may be regarded 
as a continuation of the studies commenced by van Harpen. 

In connection with the foregoing remarks, a few comments are in order before 
taking up our own investigation: 

1. There is no reason whatever for assuming that the precipitated H-acid is 
a chemically pure simple compound. Attempts to purify it invariably failed. No 
constant melting or decomposition point could be observed. 

2. The analytical data cited (which refer to an unpurified product) represent 
the “average of a series of concordant results”, but these results are not cited. 

3. The conclusion that H-acid is an amino acid is based solely on “the impression 
obtained in titrating with potassium hydroxide by the formol method.” True, 
the “decomposition products which indicate the presence of nitrogenous com- 
plexes” had some influence on the conclusion. On the other hand, the fact that a 
precipitate is formed (though “altered in composition”) from alkaline solution 
by strong acidification indicates that H-acid is not an amino acid, or at least is 
not 100 per cent amino acid. After all, every amino acid is readily soluble in 
dilute solutions of strong acids. 

4. Since there is doubt as to whether H-acid is or is not an amino acid, it is 
not permissible, in the absence of a molecular weight determination, to assign an 
empirical molecular formula, much less a structural formula, for H-acid. 

These considerations gave us every reason to doubt the existence of hydratant 
acid as a chemical individual. Without anticipating the results of our own in- 
vestigation, it may be mentioned here that this doubt has proved to be fully 
justified. 


EXPERIMENTAL OBSERVATIONS 


The preparation of H-acid was accomplished without difficulty by van Harpen’s 
procedure. 

Latex was centrifuged, without adding anticoagulants or preservatives, and thus 
was separated into cream, underlatex and sludge. The underlatex, which appeared 
to have the greatest coalescent power of any of these three fractions?, yielded a 
quantity of spontaneously coagulated rubber when kept two days at 10° C. This 
coagulum was milled very thin and washed with a large volume of water. The 
resulting yellow crepe was then cut into pieces, and extracted once for 24 hours 
at 10° C with 10 per cent potassium carbonate solution. The extract was cau- 
tiously acidified with 10 per cent hydrochloric acid until evolution of gas ceased. 
The mixture was then shaken vigorously, and the flocculent precipitate was fil- 
tered off on a folded filter and washed with distilled water till the reaction was 
neutral. The precipitate was a dry amorphous pale yellow substance, and was 
not slimy. 
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By this method 500 grams of crepe (calculated on dry weight), prepared from 
underlatex coagulum, yielded 0.55 gram of a dry preparation (a) which out- 
wardly was indistinguishable from van Harpen’s original hydratant acid. Its 
nitrogen content, however, was low, viz., 4.85 per cent. 

Another portion of the same underlatex coagulum was creped on a roll mill 
without using any rinse water; 500 grams (again calculated on dry weight) on the 
crepe sample obtained in this way yielded 1.32 gram of dry hydratant acid (b), 
slightly grayer than preparation (a). The nitrogen content of (b) was 6.49 per 
cent. 

The procedure was carried out very smoothly, except that there was noticeable 
difficulty in determining the exact moment when evolution of carbon dioxide 
ceased while adding hydrochloric acid to the potassium carbonate extract. It was 
found that the pH of the solution was 3-4 at this critical moment, 7. e., distinctly 
acid, and hence a medium in which amino acids would not precipitate at all. More- 
over, the flocculent precipitate was strongly reminiscent, in its outward aspect, of 
the proteins which coagulate, for example, when acid is added to a serum formed 
by freezing. 

Preliminary analysis of the hydratant acid samples prepared by us brought out 
the following observations: 

1. Hydratant acid was insoluble in boiling dilute hydrochloric acid or sulfuric 
acid. 

2. H-acid contained not only nitrogen but also sulfur (Lassaigne) and phos- 
phorus. Dry distillation caused charring, with evolution of gas, while a brown 
oil distilled over and an ill-smelling basic vapor (keratin?) was evolved. 

3. H-acid appeared to be partially soluble in organic solvents (chloroform, 
benzene, ether, etc.). When the solvent was evaporated, it left a semisolid resi- 
due which had acid properties. This residue gave a very distinct Casanova- 
Siedler phosphatide test. This fact, viewed in the light of previous results*, 
makes it seem probable that phosphorus was present in the form of lecithin hy- 
drolysis products, e. g., fat acid esters of glycerophosphoric acid, in H-acid. 

4. The portion which was insoluble in organic solvents gave all tests for proteins. 

5. All tests for amino acids were negative, even the extremely sensitive ninhy- 
drin test. This last test was positive, however, for the insoluble fraction of H-acid 
mentioned above (see Observation 4). In this connection, it may be recalled that 
the outcome of the ninhydrin test depends in large measure on the pH of the 
medium. Optimum sensitivity is at pH 6.98, a reason why acid-reacting H-acid 
(see Observation 3 above) does not give the test. 

In other respects our observations agree well with those of van Harpen (see 
Introduction). 

On the basis of the foregoing considerations, the following conclusions may be 
drawn: 

1. Hydratant acid is not a single compound, but is a mixture of at least two 
components, one which is soluble, and one which is insoluble in organic solvents. 

2. The fraction which is insoluble in organic acids contains proteins. 

3. The fraction which is soluble in organic solvents (ether) probably contains 
free fat acids and (partially) hydrolyzed lecithins. 

4. Free amino acids do not constitute any part of H-acid. 

Considering the possibility that our preparations were entirely different in com- 
position from the product prepared by van Harpen, it seemed desirable to 
analyze his product also. The results of this analysis are described in the next 
paragraph. 
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ANALYSIS OF AN AUTHENTIC SAMPLE OF PURE HYDRATANT ACID 


The material for analysis was approximately 600 milligrams of pure hydratant 
acid prepared by van Harpen himself, so that there was no doubt as to its 
identity. This sample of H-acid had been kept 18 months in a glass-stoppered 
tube in a well sealed tin can. It was entirely possible that H-acid may have 
undergone some changes when kept so long, even in darkness in a refrigerator. 
We may note at once, however, that amino acids, such as van Harpen considered 
H-acid to be, are generally very stable. However that may be, our analysis, which 
is outlined below, refers to the old product, whether changed or not. 

Preliminary Analysis—The substance, which we shall continue to designate 
as H-acid, was a pale brown amorphous powder, with its macroscopic particles 
clinging together to some extent. Microscopic examination revealed nothing in 
particular; no crystals could be detected. 

H-acid was almost tasteless, but had a peculiar odor somewhat like old oil. 
It had no sharp melting point, and appeared to decompose at 150-175°. 

The other properties of this original H-acid agreed in every detail with those 
of our own product (see above). Thus, the original sample also contained sulfur 
and phosphorus, and gave the phosphatide test. 

Research on the composition of van Harpen’s H-acid is reported below. 

Analysis (cf. outline) —About 0.5 gram of H-acid was extracted with ether 
continuously for 16 hours in a Soxhlet extractor. 

The ether extract left approximately 0.25 gram of an oily semisolid residue 
when the ether was evaporated. The mass solidified when cooled in ice. Acid 
reaction of the alcoholic solution to moist litmus paper, and solution in dilute 
potassium hydroxide with active frothing on shaking, together with the circum- 
stance that alkali was actually used up in neutralization (phenolphthalein as in- 
dicator) were properties which indicated the presence of fat acids, or higher fat 
acids to be more exact, since the oily product was insoluble in water. It also ap- 
peared, from decolorization of bromine-water and of alkaline potassium per- 
manganate solution, that the oily product contained one or more of the un- 
saturated fat acids. 

To ascertain the composition of the oil, the analytical method which has been 
described (among others) by Frahm* was employed, as follows®: 

The oil was dissolved in 5 per cent potassium hydroxide; this yielded a clear 
nearly colorless liquid which frothed violently. The solution was oxidized at 
0-5° C with excess potassium permanganate solution, and the unused potassium 
permanganate, together with precipitated manganese dioxide, was reduced with 
acid sodium sulfite. Acidification with hydrochloric acid gave a colorless solution 
in which the fat acids were suspended. Thus all the unsaturated fat acids origi- 
nally present were converted to saturated oxidation products; e. g., 9,10-dihy- 
droxystearic acid was formed from any oleic acid which might have been present. 

The precipitated fat acids were filtered off with suction, dried in a desiccator 
and digested with petroleum ether, which dissolved all the fat acids excepting 
dihydroxystearic acid. 

With reference to this analytical procedure, it is evident that the oily product 
contained oleic and stearic acids. It may be noted here that, when the saturated 
fat acid fraction was recrystallized from dilute alcohol, a very small portion 
was converted to water-white oily drops, which were very difficultly soluble in 
hot dilute aleohol and even in cold absolute alcohol. On cooling, the drops con- 
gealed to waxy pellets, which, by recrystallization from a relatively large volume 
of absolute alcohol, yielded colorless scaly crystals melting at 62°; the respective 
mixed melting points with palmitic, stearic and arachidic acids were 56°, 57° and 
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66° C (too little of the apparently somewhat impure substance (arachidic acid?) 
remained for another crystallization) . 

In closing, it may be mentioned that no nitrogen, sulfur or halogen could be 
detected qualitatively in the oily product. 

The ether-insoluble residue, weighing approximately 0.25 gram, was a gray 
amorphous powder, soluble in alkali but not in water, dilute acid or organic sol- 
vents. Aside from its nitrogen content (10.7 per cent) it also contained sulfur 
which, again for lack of material, was not analyzed quantitatively. All the usual 
tests for proteins were distinctly positive, e. g., the ninhydrin, biuret and xantho- 
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protein tests, Millon and Molisch reagents and the tryptophane test. This suf- 
fices to show that the residue was composed of proteins, at least in large part. 
When heated, the substance charred, with evolution of gases and ill-smelling basic 
vapors; it left no ash when strongly ignited. 

Summarizing the results of the above analytical study we arrive at the follow- 
ing positive conclusion: 

The hydratant acid of van Harpen is not an amino acid, nor does it contain 
free amino acids; it is apparently composed of fat acids and proteins together 
with one or more phosphorus compounds, probably formed by hydrolysis of 
lecithins. 


DISCUSSION 


It is not our purpose to explain the results obtained by van Harpen; we merely 
show that his statements concerning the properties of H-acid (see Introduc- 
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tion) can be brought into good accord with what might be expected from 
a mixture of fat acids and proteins, namely: 

1. Impossibility of purifying H-acid by recrystallization. 

2. Solubility in alkali and alkaline carbonate, and the altered composition of 
the product precipitated by acid. 

3. Difficulties encountered in determining the melting point. 

4, Formation of “nitrogenous complexes” when heated. 

5. Susceptibility to attack by moulds and other microorganisms. 

6. Coalescing power of H-acid. According to a study by van Harpen of the 
coalescing power of a series of fat acids*, it appears that hydratant acid is be- 
tween oleic and stearic acids in coalescing power. This is completely clear since 
we know that H-acid contains these two acids. 

7. The nitrogen content, which according to van Harpen decreases in time from 
7.44 to 5.93 and even to 4.81 per cent. It appears from our study that proteins, 
present in H-acid to the extent of approximately 50 per cent, are the actual 
nitrogen carriers. The nitrogen content of these proteins is thus about double 
that of H-acid after it has stood for a time. 

From the procedure described above (see Experimental Observations) for pre- 
paring hydratant acid, the essential function of the potassium carbonate is to 
dissolve fat acids and proteins (which together make up H-acid) present in the 
crepe. From what is now known about the composition of hydratant acid, van 
Harpen’s suggestion that it is a degradation product of latex proteins! must be 
rejected as untenable. It is a familiar fact that latex contains proteins and fat 
acids; the latter occur free or combined, among other forms as lecithins*, in latex. 

Finally, one comment is in order about the results of van Harpen’s elementary 
analysis. Excellent agreement of his analytical data with the calculated carbon, 
hydrogen, oxygen and nitrogen values for aminohydroxypelargonic acid must, 
in our opinion, be attributed to highly fortuitous circumstances. Of course it is 
possible, as we have already stated, that hydratant acid decomposes on long 
standing, but it may safely be considered impossible that decomposition of amino- 
hydroxypelargonic acid would yield fat acids and proteins as decomposition 
products. 


SUMMARY 


In this article it is shown that the so-called hydratant acid or H-acid of van 
Harpen! is not a definite chemical substance (a hydroxyamino acid), but is a 
mixture mainly of proteins and higher fat acids. The fat acids are responsible for 
the coalescent effect of H-acid when added to B latex?-®. 
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GENERAL INTRODUCTION 


Rubber latex has become a very important raw material and finds many ap- 
plications, ranging from the proofing of fabrics and impregnation of paper to 
the manufacture of elastic threads, can-sealing compounds, adhesives, and up- 
holstery. A large amount of research work has been carried out in the East 
with a view to supplying preserved latex suitable for these processes. The latex 
as it leaves the tree has an average dry rubber content of about 33 to 35 per 
cent, and is so unstable that it will coagulate within a few hours unless a preserva- 
tive is added. Ammonia has been found to be a suitable preservative and, in 
spite of the continued search for new materials, it remains in general use. The 
problem of concentrating the latex to avoid the shipment of surplus water arose 
early. Three methods for carrying out this operation were developed, namely, 
centrifugal concentration, creaming by the addition of gums and mucilages, and 
evaporation. A fourth method, utilizing the :phenomena of electrodialysis, has 
recently been the subject of commercial development. The advent of concen- 
trated latex widened the field of latex applications, since the concentrated prod- 
ucts found uses for which preserved field latex was not suitable. For many 
processes the properties and applications of the latex or concentrate are now 
perhaps more important that the question of shipping cost. Various types of 
product, described briefly below, are obtained from the different processes of 
concentration. 


EVAPORATED LATEX 


The evaporation method for concentrating latex was developed by the Metall- 
gesellschaft A.G. under patent protection’. The original process involved the 
gentle heating of latex, to which caustic alkali and soaps had been added, in 
horizontal rotating drums through which a current of air was passed. The 
product, which was a very stable paste and reverted to latex on dilution with 
water, was sold under the trade name Revertex. It contained about 68 per 
cent of dry rubber and, in addition to the alkali and stabilizer, it contained 
all the serum solids originally present in the latex. Later a vacuum evapora- 
tion process was developed, which displaced the earlier one*, and there are now 
several grades of Revertex available, including a grade containing only am- 
monia as preservative, and one with reduced serum-solid content, prepared by 
partially concentrating the latex by other means before evaporation. In gen- 
eral, Revertex may be characterized as having a higher serum-solids content 
than other forms of concentrate. 


CREAMED LATEX 


Creamed latex concentrate is prepared by mixing into the field latex, pre- 
served with ammonia, a certain amount of a suitable colloid, and allowing the 
* Reprinted from The Journal of The Rubber Research Institute of Malaya, Vol. 10, Communication 


250, pages 78-107, August 1940. A section on the practical aspects of centrifuging from the point of 
view of the plantation rubber producer is omitted. 
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mixture to stand until it separates under the action of gravity into two layers. 
The upper layer or cream contains most of the rubber, together with some of 
the added colloid and a proportion of the serum solids, while the lower layer 
contains very little rubber and the bulk of the serum solids. This process was 
protected by the Traube patent’, and has been developed commercially mainly 
by the United States Rubber Company on their Sumatra plantations, although 
a very large amount of research has been carried out, and numerous patents 
have been obtained, by workers outside of that organization. The mechanism 
of the process has not been completely elucidated. Latex consists of a very 
fine dispersion of rubber particles in an aqueous medium. These particles are 
sufficiently small to be affected by molecular bombardment, which keeps them 
in motion, or Brownian movement, and prevents them from separating under 
the action of gravitational forces. The added colloid prevents in some way 
Brownian movement of the rubber particles, and enlarges them, either by ab- 
sorption on to the particles or by causing them to form loose aggregates so 
that they rise fairly rapidly under the action of gravity. 


LATEX CONCENTRATED BY CENTRIFUGAL MACHINE 


This process consists of subjecting the latex to a centrifugal force many 
times greater than gravity in a suitable machine. The Brownian movement 
can be overcome in this way and the particles caused to segregate into one 
fraction of the liquid, without affecting their electric charge or degree of ag- 
gregation. This method for separating suspended particles of liquid or solid 
from another liquid has long been known and applied in many fields, but the 
major patent covering its application to rubber latex was obtained by Utermark?, 
and commercial development in the Far East has been carried out mainly 
by the Dunlop Rubber Company in codperation with the De Laval Separator 
A.B. of Stockholm. The products of this process are a concentrate containing 
about 60 per cent of dry rubber, together with a small portion of serum 
solids, and a dilute or skim fraction containing from 2 to 10 per cent of dry 
rubber, together with the bulk of the serum solids. The centrifuged concen- 
trate is in many ways similar to latex cream, the main difference being the 
small amount of added colloid that the latter contains and the effect of this on 
the physical properties of the latex. This effect is not large, and has not been 
completely explained, and the difference is often tersely expressed by latex 
users, who say that creamed and centrifuged latex “process differently”. Vig- 
orous research programs are being pursued in an attempt to explain and over- 
come this difference. The two products are likely to prove very close com- 
petitors for most latex applications, although centrifuged concentrate is perhaps 
the more popular at present. 


LATEX CONCENTRATED BY ELECTRODIALYSIS 


A new method which is now being developed by the Dunlop Rubber Com- 
pany is known as the Semperit process, and the original patents were taken 
out by the Oesterreichisch-Amerikanische Gummiwerke A.G.5. The process is 
fundamentally one of creaming, promoted by electrical means instead of by 
the addition of colloidal creaming agents, and the product would be expected 
to resemble centrifuged concentrate very closely. It is claimed that with this 
process much less rubber is left in the serum or skim layer than is the case 
with the skim from centrifugal separators. 
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CENTRIFUGAL MACHINES 


THEORY OF SEPARATION 


A particle suspended in a fluid medium tends to move with a constant velocity 
which may be expressed as: 


2gr? 


v= 
9H 


(d,—d.) (Stokes Law) 


Where V is the velocity of the particle 


r is the radius of the particle 
d, is the density of the particle 
d, is the density of the liquid 

g is the gravitational acceleration 
y, is the viscosity of the liquid. 


It is at once apparent that the velocity of the particle through the suspend- 
ing medium may be increased by increasing the radius; by increasing the density 
difference; by reducing the viscosity of the fluid, or finally by using some ac- 
celerating force more powerful than gravity. The presence of ammonia reduces 
the viscosity, and this material therefore has a useful function in addition to 
its preservative action. Latex before concentration has a fairly low viscosity 
so that there is little scope for improving the value of V by this means. Since 
it is not desired to alter the physical properties of the latex, no attempt should 
be made to alter the particle size or density, and these factors are assumed to 
be nonvariable for the purposes of this discussion. Thus to increase the value 
of V in the Stokes’ formula, there remains only the possibility of replacing 
gravity by a more powerful separating force, and the centrifugal machine offers 
a ready means of doing this. 

Centrifugal acceleration (f) on a rotating particle=w?R, where w is angular 
velocity =2nn, where n is revolutions per second. R is the radius of rotation. 

The centrifugal acceleration can be expressed as a multiple of gravitational 
acceleration (g), and the separating power of a machine is often described in 
this way. Let this factor be C. 


‘The C= 





f _ (2nn)?R 
a? re 


At a point six inches from the center of a machine rotating at 6000 r.p.m.: 


(20x 100)20.5 
C= —6160. 





Thus the velocity of separation of a particle under these conditions is over 
six-thousand times greater than under the action of gravity alone. This ele- 
mentary analysis gives a very incomplete picture of what actually occurs when 
latex is separated in a centrifugal machine. Centrifugal acceleration acts out- 
wards from the center of rotation, and the normal action of a centrifugal 
machine on a suspension of particles heavier than the liquid medium is to 
throw out the suspended particles towards the periphery of the bowl. In 
latex, however, the suspended rubber particles are lighter than the serum, and 
are thus thrown outwards less violently than the serum, so that concentrate 
accumulates at the center of the bowl, and serum at the rim. The particles 
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vary in size, and the large particles separate more readily than the smaller 
ones. The force on the particle increases with increasing distance from the 
center of rotation of the bowl; therefore as serum flows outwards from the 
center, the rubber particles tend to be removed in order of size, and at the 
same time the remaining particles in the serum become subjected to an increas- 
ing force. The viscosity of latex increases very rapidly with increasing dry 
rubber content until it reaches a point at which the latex will not flow. Thus 
in the concentrate the particle velocity falls rapidly, and the tendency for 
further concentration is reduced by the increasing viscosity and diminishing 
separating force as the concentrate flows towards the center of the bowl. 

It is very important in practice to ensure that overconcentration shall not 
occur, or the concentrate will cease to flow and will choke the bowl. The dis- 
tance the rubber particle moves relative to the liquid will depend on the time 
it is subjected to the separating force, so that, to remove as much rubber 
as possible from the serum, this should remain in the bowl as long as pos- 
sible, while the concentrate should be removed as rapidly as possible after 
it has reached the desired dry rubber content. If a rotating bowl is fed con- 
tinuously with latex, concentrate will collect at the center and may be withdrawn, 
while a dilute skim fraction may be withdrawn from the circumference, and 
somewhere between these two points there will be a “neutral layer” at which 
the latex has the same dry rubber content as the incoming feed material. The 
feed should obviously be introduced at this point, and here the centrifugal force 
should be as high as possible to secure the initial major separation rapidly. The 
neutral layer should be near to the center of the bowl so that the concentrate, 
to avoid overconcentration, can flow quickly to a region of less force and thence 
by a short and easy course out of the machine. The bowl should be as large 
as practicable, and the dilute latex should be made to follow a devious course 
to retain it in the bowl as long as possible to remove the maximum amount of 
rubber from the skim fraction. 

If there were an outlet at the circumference of the bowl the liquid would 
obviously issue with terrific force, and it is therefore necessary to relieve the 
applied force before allowing the liquid to escape. This is done by conducting 
the serum back through a separate channel towards the center of the bowl so 
that the pressure is counterbalanced on the principle of the U tube. In prac- 
tice the horizontal distances of the discharge points from the vertical axis of 
rotation, for the two portions of the liquid, are adjusted to suit the small 
differences in the effective specific gravities. For a given rate of flow the pro- 
portions into which the liquid is divided can be controlled by adjusting the 
relative sizes of the two outlets, or by varying the distances of the take-off 
points from the axis of rotation by screwing nozzles into or out of the neck of 
the machine. The feed rate can also be controlled and varied within limits. 
For a given setting of the outlets, a reduction of the rate of flow into the 
machine will increase the time the latex remains in the bowl and hence the 
degree of separation achieved. The foregoing outlines the underlying principles 
of latex concentration by centrifugal means, and actual machine designs should 
now be considered. 


DESIGN OF SEPARATORS 


Figure 1 shows diagrammatically a typical separator bowl. Latex enters the 
central tube under a constant hydrostatic head, usually controlled by a float 
valve, and is led to the bottom of the bowl. The central tube is usually tapered 
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outwards from the top, and the lower end is a conical piece which fits on to 
the bottom of the bowl and has radial holes through which the latex discharges 
into the bowl, approximately at the position of the neutral layer. Fins are 
provided in the feed tube so that the latex is set rotating and can be dis- 


charged into the bowl with approximately the same rotational velocity as that 
of the liquor in the bowl at this point, thus avoiding shock and turbulence. The 
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Fic. 1.—Diagrammatic section of bowl. 


a. Feed pipe. j. Separator plates. 

b. Feed control float. k. Holes in separator plates. 
c. Inlet orifice. l. Bowl. 

d. Overflow. m. Bowl cover. 

e. Cream discharge. n. Locking ring. 

jf. Skim discharge. o. Collecting trays 

g. Distributor. p. Driving tongue. 

h. Distributor vanes. q. Top plate. 

i. Discharge to bowl. r. Brake rim. 


separating space is filled with a pile of conical plates or discs of sheet metal, 
perforated with holes to correspond with those in the distributor or feed tube. 
They are located either by splines on the outside of the central distributor or 
by fins on the inside of the bowl wall. These dises divide the liquid in the bowl 
into thin films and, since separation occurs in a horizontal direction, they 
reduce the distance that the particles have to travel to enter the concentrate 
to a millimeter or less. They also provide conducting paths for the flow of 


liquid. 
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Concentrate flows upwards between the plates to the annular space between 
the distributor and the edges of the plates, thence upwards between the dis- 
tributor and the neck of the top plate to the discharge orifices, where it is 
thrown out and collected in a tray. The serum passes downwards between 
the plates into the space between their edges and the bowl shell which acts 
as a sludge collecting zone. The serum then passes up between the top plate 
and the bowl cover to outlets where it is discharged and collected like the cream. 
The bowl is driven by a central vertical spindle which fits into its base. The 
spindle in turn is driven through a worm gear usually of 10:1 ratio, by a 
horizontal shaft carried in the machine pedestal and having at one end a pulley 
containing a centrifugal clutch which is connected by a belt to an electric motor 
or line shafting. The clutch is essential, for the bowl when full of liquid is very 
heavy and runs at high speeds, and if it were coupled positively to the drive, 
the shock on starting or stopping would be very great. 

The machine must be designed to resist corrosion by ammonia solution and 
to prevent contamination of the latex. It is particularly important that no 
copper or brass parts should be used, since minute traces of copper have severe 
deleterious effects on rubber. Tinned copper or brass should also be avoided, 
since tin coating is likely to rub off in use. Usually the bowl, distributor and 
collecting trays are made of tinned steel, and the separating plates, nozzles and 
small parts of stainless steel. The plates in particular are subject to very heavy 
wear. The bowl shell is highly stressed and must therefore be a heavy forging. 


LATEX FOR CONCENTRATION 


The latex to be concentrated must first be preserved, and for this purpose 
ammonia is generally used. The quantity must be adequate to prevent coagu- 
lation, but should be kept to a minimum, since most of it remains in the skim 
fraction, where it renders coagulation difficult. Ammonia also escapes while 
the machine is running and, if the feed latex contains too much ammonia, this 
loss is not only expensive but renders working conditions unpleasant. It has 
been found in practice that 0.3 per cent of ammonia is satisfactory provided 
that the latex is separated within 24 hours of collection. The latex must be free 
from “precoagulation” or floccules of rubber, since these tend to form a lump 
in the distributor and choke the machine. To prevent this, ammonia should 
be added to the latex as early as possible after tapping, and the latex should 
be sieved before use. It should also be as free as possible from sludge and 
mechanical impurities. 


TESTS ON CENTRIFUGAL MACHINES 


A number of machines have been tested at the Rubber Research Institute 
of Malaya including the De Laval (Model L 770) Westfalia, Titan and Vickcen 
separators. The author has also been able to observe the De Laval (model 
L 1970) and Sharples machines in operation on estates. 


DE LAVAL MACHINE—MODEL L 770 


An experimental machine manufactured by the Aktiebolaget Separator of 
Stockholm was installed for testing in the laboratories of the Rubber Research 
Institute, and experiments were carried out in collaboration with a research 
engineer from the manufacturers. The machine was the prototype of the pres- 
ent De Laval Model L 770 sold for latex concentration. The bowl was 114 inches 
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in internal diameter and 64 inches deep, and contained fifty-two conical tinned 
steel separating plates. The machine was driven at 7000 r.p.m. 

The present commercial model has a bowl of the same size, and contains 
fifty-one stainless steel separating plates; it is driven at 8000 r.pm. The de- 
sign differs from that shown in Figure 1 in that the separating plates are 
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located on ribs on the inside of the bowl wall instead of on splines on the 
outside of the distributor. Thus the central annular space in which the cream 
collects is larger and free from all obstruction, which is an advantage when work- 
ing at high concentrations, where concentrate may form enough paste to 
choke a smaller space. 

The rate of flow of latex into the machine was controlled by the feed orifice 
(ef. Figure 1) which could readily be changed. Minor changes in the feed rate 
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could be obtained by altering the height of the float in the cup. The cream 
was discharged at (e) through fixed radial orifices. The skim was also discharged 
through radial orifices at (f) and control, effected by varying the projection 
of these nozzles in the neck of the tube, was recorded as the number of turns 
from the flush position, one full turn being one-sixteenth of an inch. 

A number of experiments were carried out, but only those pertaining to the 
calibration of the settings and performance on ordinary ammoniated field 
latex fall within the scope of the present work. For the former purpose short 
tests were carried out; the results appear in Table I, and are shown graphically 
in Figure 2. 

The efficiency is the weight of rubber in the cream as a percentage of the 
sum of the weights of rubber in the skim and cream, determined by dry rubber 
content. This method is not entirely satisfactory, since determination of dry 
rubber content in a skim poor in rubber is difficult and may give high results, 
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owing to the high proportion of protein precipitated. The figure is, however, 
useful for comparative purposes. 

For the tests given in Table I, two of the latices uned had abnormally low 
dry rubber content, while the third was exceptionally high. They show that 
for the preparation of concentrate with 60 per cent dry rubber content the 
nozzle setting is almost independent of the dry rubber content of the feed 
latex, and a machine once set will deal with normal day-to-day variations in 
the field latex, with very little adjustment. The results plotted in Figure 2 are 
somewhat irregular, as would be expected, since for a given setting and given 
latex the throughput will affect the dry rubber content of the cencentrate. 

Figure 3 shows efficiency plotted against settings for two different through- 
puts. As would be expected the efficiency falls with increasing feed rate. 

Figure 4, in which efficiency is plotted against the dry rubber content of the 
concentrate for different latices at different rates of flow, gives a very clear 
picture of the machine performance. The figures against each point give the 
feed rate for the particular test. Although the results are insufficient to average 
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out the uncontrolled variables and define the curves accurately, the general 
trend is quite clear. The results shown an obvious advantage in using field 
latex of high dry rubber content. 

The time the machine will run before cleaning becomes necessary is an im- 
portant practical consideration. It depends on the condition of preservation 
of the latex and its freedom from dirt. In the tests carried out with this 
machine and reported in Table II, no special precautions were taken, and the 
conditions were less favorable than would obtain in normal estate practice, 
since the latex was collected on an estate where it was treated with a trace 
of sodium sulfite as preservative. It was then transported twelve miles by 
lorry, then ammoniated, and stored overnight before use. Normally the ammonia 
would be introduced at the collecting point. This was done only in the last 
test (DL 11). 

The figures quoted in Table II are important. They are typical of commercial 
operation, although they are below the average which should be obtainable in 
practice, since the dry rubber content of the field latex was low, and rather 
high rates of feed were used. Samples were taken at frequent intervals during 
each run and it was found that the performance of the machine remained prac- 
tically constant for the first 2 to 2.5 hours, and then fell off fairly rapidly, as 
is shown in Table III which gives data obtained during experiment DL 11. 


TABLE III 


EXPERIMENT DI 11 
Average for 


Average for Average for last 20 
first 30 first 120 minutes of 
minutes of minutes of run after 
run run 150 minutes 
Concentrate (dirc.) ......6..0006 60.7 60.5 58.2 
CCTM Ce LCS? C0) a ne Gal 8.0 98 
Throughput (Ibs. per hr.)........ 515 520 524 
Efficiency (per cent)............. 85.2 84.7 81.9 


The tests show that this machine could be expected to give concentrates of 
60 per cent dry rubber content at 85 per cent efficiency from average field latex 
of about 33 per cent dry rubber content fed at the rate of 450 lbs. per hour, 
and should run for 2.5 hours before cleaning becomes necessary. The machine 
took 7.5 minutes to reach full speed, and 5.5 minutes to stop under the action 
of the brake. Dismantling, cleaning and reassembling the bowl occupied two 
men for 30 minutes. Thus each 2.5 hours of running time was followed by a 
close-down period of 42 minutes. 

The commercial machine has an improved clutch and brakes, and can be ac- 
celerated to full running speed in 3.5 minutes and stopped in two minutes. It 
is designed so that the dirty bowl can be lifted bodily from the machine and 
replaced by a spare clean one. Thus if a spare bowl is available the total close- 
down period after each run can be reduced to ten minutes. The machine is 
rated to handle 450 pounds of latex per hour at 7000 r.p.m., but may be safely 
run up to 8000 r.p.m., and its performance should therefore be slightly better 
than that of the machine tested. 


WESTFALIA MACHINE 


The Westfalia machine is manufactured by Ramesohl and Schmidt A.G. 
of Oelde, Westfalia, Germany. The machine follows the conventional design 
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shown in Figure 1. The bowl is 14 inches in diameter, and is designed to run 
at 8000 r.p.m. Under the actual test conditions used, the speed was 8200 r.p.m. 
The 135 conical separating plates are of tinned steel. They are very closely 
packed, the space between them being approximately 0.02 inch, whereas in the 
De Laval machines the space is of the order of 0.05 inch. The design differs 
from that shown in Figure 1, in that there is no separate overflow outlet and 
the overflow collecting tray is dispensed with. The skim outlets are fixed orifices 
bored to discharge tangentially. The cream discharges vertically upwards at 
(c) through the annular space between the distributor and a collar which is 
screwed into the neck of the top plate. The setting of the machine depends on 
the internal diameter of this collar. Collars of the following sizes are supplied 
with the machine: 45, 50, 58, 59.5, 60.5 and 61.5 mm. diameter. 

Calibration of the settings was carried out as before. It was found that only 
the first two collars (45 and 50 mm.) were suitable for producing 60 per cent 
concentrate; unfortunately no intermediate sizes were available. Table IV 


TABLE IV 
Collar Feed tube Concentrate 
diameter bore Feed d.r.c. Feed rate d.r.c. Skim d.r.c. Efficiency 
(mm.) (mm.) (per cent) (ibs. per hour) (per cent) (per cent) (per cent) 
58 7 30.1 433 54.1 1.91 97.2 
59.5 7 30.1 478 53.3 1.99 97.6 
60.5 7 28.9 410 50.1 2.52 96.1 
50 7 28.9 458 59.3 2.41 96.4 
50 5 28.3 195 65.2 2.17 95.6 
50 8 39.2 595 57.4 3.79 96.8 
50 7 38.7 465 60.5 3.12 97.0 
45 7 28.3 488 60.4 2.94 94.7 
45 7 30.5 471 61.5 2.42 95.9 
45 7 38.2 440 62.8 3.19 96.6 
45 8 37.6 590 60.2 3.95 95.9 


gives typical calibration results, from which it can be seen that 60 per cent 
concentrate is obtainable from poor field latex at feed rate of 450 pounds per 
hour, while with good field latex the rate of feed could be increased to 600 pounds 
per hour or, alternatively, the dry rubber content of the concentrate could be 
increased to 62-63 per cent. The rubber content of the skim fraction was 
remarkably low, and its determination was difficult. The normal method em- 
ployed was to add to 50 grams of the skim fraction in a glass dish 40 to 50 ce. 
of aleohol containing 5 per cent of acetic acid, the whole being gently stirred. 
After standing overnight the coagulum was removed, and any small particles 
of rubber were filtered off and added to the coagulum, which was rolled out, 
washed and dried to constant weight. The rubber so obtained was very tough 
and leathery, and obviously contained a large proportion of nonrubber solids. 
An alternative method was tried in which 50 grams of serum was digested 
with 10 ec. of 30 per cent sodium hydroxide solution before coagulation with 
formic acid. This gave a more normal rubber, the results averaging 22 per 
cent below those obtained by the first method, which was reflected as an im- 
provement in the efficiency figures. This matter has been discussed in several 
papers®, but the results given in this paper were obtained by the original 
method. The efficiency was very high, and in more than thirty tests with 
varying latices, not always with the optimum settings, the figure never fell 
below 94.5 per cent, and on tests with large quantities of latex under com- 
mercial conditions 96-97 per cent was obtained. Alteration of machine settings 
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affected the dry rubber content of the concentrate and the throughput, but had 
little effect on the efficiency. Typical results for commercial-scale runs are 
given in Table V. 

The performance of this machine, as with the De Laval, was fairly steady 
for the first part of the test,’then deteriorated as the run progressed. For 
example, in experiment WS 6, Table V, the rubber content of the concentrate 
remained nearly constant at 61.5 per cent for the first 1.25 hours, whereas 
the portion collected in the last 12 minutes contained only 59.8 per cent of 
rubber. Similarly the rubber content of the skim remained nearly constant 
at just below 3 per cent for a long period, then rose to 3.5 per cent at the 
end of the test. Summarizing the results of these and other tests not reported 
in detail, it was concluded that, with this machine, field latex of 33 to 35 per 
cent dry rubber content could be concentrated to over 60 per cent dry rubber 
content with 95 per cent efficiency at the rate of 450 pounds per hour, and that an 
average run of at least three hours could be obtained before cleaning became 
necessary. With particularly good feed latex, the throughput could be increased 
to 550 to 600 pounds per hour. The bowl took about nine minutes to reach 
operating speed and start discharging latex, and three minutes to stop. Allow- 
ing five minutes to change bowls, a complete change-over could be carried out 
in 17 minutes if a spare bowl were available. It is necessary to allow 45 minutes 
for cleaning the bowl of this machine owing to the large number of plates. 

Almost simultaneously with these tests, experiments with a similar machine 
were carried out in Sumatra, and have been reported by Schrieke’. 


TITAN MACHINE 


The Titan machine is manufactured by the Titan Company of Copenhagen. 
It is structurally similar to the machines already reported, and consists of a 
steel bowl containing 87 stainless steel plates. It is driven normally at 7000 
r.p.m., but the speed may with safety be increased to 8000 r.p.m. The method 
of operation differs from the types previously described in that the feed latex 
enters the bowl at the top and travels downwards through the perforations in 
the separating plates, while the skim after reaching the annular space between 
the plates, and the bowl wall! is led back to the center at the bottom of the 
bowl and discharged there. This is clearly shown in Figure 5, which is taken 
from British Patent No. 434,263 (August 28, 1935) issued to Nyrop and Titan. 
The concentrate follows the usual course through the machine, and the dis- 
charge orifices are fixed. Discharge from the base of the bowl to the skim 
cup takes place through six screw jets which are bored eccentrically with 1.25 
mm. holes, and control of the performance is effected by rotating the jets to 
bring the holes nearer to or away from the center of rotation. No overflow 
outlet is provided. The plates are located on guides on the inner wall of the 
bowl, as in the De Laval machines. 

Typical test figures for this machine are given in Table VI. These were 
obtained in tests carried out at the Institute, in collaboration with a research 
engineer from the manufacturing company. From these tests it was concluded 
that at a throughput of 450 pounds per hour concentrate containing 60 per cent 
of rubber could be produced under average conditions with an efficiency of 
93 per cent, and that a running time of three hours could be relied on before 
cleaning. In the machine tested it was impossible to remove the complete 
bowl for cleaning, and the bowl had to be removed part by part. This was a 
disadvantage, since it caused a loss in possible operating time. It is under- 
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stood that the bowl will be redesigned so that it can be lifted out as a whole 
to overcome this objection. A second objection is that with this design it is 
necessary to open the bowl and remove all the plates to alter the adjustment, 
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Fig. 5. 


. Latex inlet to bowl. 

. Perforation in top plate. 

. Concentrate outlet from bowl. 
. Skim control jets. 

. Skim collecting cup. 

. Skim discharge. 
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whereas with other machines the settings can be altered by stopping the bowl 
and removing the collecting trays. This difficulty would not prove so serious 
in commercial working as it may at first appear since, once the best setting 
for a particular estate latex has been determined, alterations should seldom be 
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necessary. The machine under test took approximately eight minutes to reach 
speed, and one hour to stop, clean and restart. 


VICKCEN SEPARATOR 


The Vickcen Separator, made by British Separators Limited, was tested by 
the author in the laboratories of the Rubber Research Institute of Malaya in 
1936. The machine was similar in design to that shown in Figure 1, with 52 
tinned steel plates, and could be rotated at from 6000 to 7000 r.p.m. Separate 
adjustments were provided on both cream and skim outlets, the former by 
means of nozzles with variable projections into the neck of the top plate, and 
the latter by means of interchangeable annular discs having different internal 
diameters. It was found that the best average setting gave concentrates of 
60 per cent dry rubber content with skim of 10 per cent dry rubber content 
at an efficiency of 86 per cent with a feed rate of 500 pounds per hour. The 
performance fell off very rapidly during the run and 800 pounds of field latex 
was the maximum quantity which could be treated before the bowl choked 
and had to be cleaned. Choking was due to an accumulation of thick buttery 
concentrate in the annular space between the inner edges of the plates and 
the distributor tube. The results will not be dealt with in greater detail here, 
since a summary of them has been published’, and the manufacturers did 
not proceed further with the development of machines for latex concentra- 
tion so that, as far as is known, there are no commercial models of this make 
available. 


DE LAVAL MACHINE—MODEL L 1970 


This machine is a larger edition of the L 770 machine, with a bowl of ap- 
proximately 14 inches diameter containing 68 stainless steel separating plates. 
The machine has a rated capacity of 880 pounds per hour, but feed rates 
lower than this are usually employed. With average field latex fed at the 
rate of 750 pounds per hour, the machine can be expected to give 60 per cent 
concentrate, and skim of 5 to 9 per cent dry rubber content, with an efficiency 
of approximately 88 per cent, 7. e., with slightly higher efficiency than the 
smaller model. The machine can be run for approximately 3.25 hours and can 
be stopped, the bowls changed and run up to speed again in 18 to 20 minutes. 
The dirty bowl can be cleaned in 45 minutes. 


SHARPLES MACHINE 


The machine built for latex concentration by the Sharples Corporation of 
Philadelphia is of entirely different design from those already described. The 
bowl consists of a stainless-steel tube four inches in diameter and three feet 
long, driven from the top at 15,000 r.p.m. It contains a cage into which a 
set of 80 curved radial vanes reaching the full depth of the bowl are fitted. 
Latex is fed into the bottom of the machine through a water-lubricated hollow 
trunnion bearing, and the concentrate and skim are discharged at the top 
of the machine into collecting trays in the usual way. The concentrate outlets 
are fixed and the machine is controlled by removing the annular disc over which 
the skim discharges and fitting one of different aperture. Every part of the 
bowl which comes in contact with the latex is of stainless steel. 

The performance of the machine is said to fall off very rapidly as the run 
proceeds, and it is not therefore practicable to run it for more than an hour 
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before cleaning, although it would probably run for 1.5 hours or more without 
becoming choked. The average efficiency in commercial operation to produce a 
concentrate containing 60 per cent of rubber with a feed rate of 450 pounds per 
hour is approximately 85 per cent. The bowl accelerates to speed and stops 
very rapidly, and is light enough to be removed without the assistance of tackle, 
so that bowls can be changed in four or five minutes. A dirty bowl can be 
opened, cleaned and reassembled in about 25 minutes. The power consumption 
is less than for other types of machine. 
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TEMPERATURE CORRECTION IN FOR- 
MULA FOR VISCOSITY OF LATEX * 
H. F. Jorpan, P. D. Brass and C. P. Ror 


GENERAL LABORATORIES, UNITED STATES RupBeEr Co., Passaic, NEw JERSEY 


In the authors’ paper entitled “Examination of Rubber Latex and Rubber Latex 
Compounds. I. Physical Testing Methods”!, formulas 7 and 8 should read: 


ee | ee (7) 
Se Ee ee) ene (8) 


These corrected formulas agree with the Crude Rubber Committee’s “Tenta- 
tive Procedures for Testing the Variability of Normal and Concentrated Latex”. 
The authors’ attention has been called to this error in a private communication 


from W.S. Davey of the Rubber Research Institute of Malaya. 
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BUTYL RUBBER 


A NEW HYDROCARBON PRODUCT * 


R. M. Tuomas, I. E. Lichtpown, W. J. Sparks, P. K. Froicu, 
and E. V. Murpuree 


Esso LABORATORIES, STANDARD OIL DEVELOPMENT COMPANY, ELIZABETH, N. J. 


The present distinction between the thoughts expressed by the terms synthetic 
rubber and rubber synthesis is indicative of the changes in viewpoint on which 
current progress in the duplication of rubberlike properties is based. For almost 
fifty years after the discovery by Williams®? that isoprene is the fundamental 
structural unit of rubber, research was directed toward rubber synthesis. 
Bouchardat?, Tilden2?, Wallach?’, Hoffman!?, Mathews'*®, and Harries! all 
made valuable contributions to the chemistry of rubberlike products from iso- 
prene. That none of them accomplished the purpose of synthesizing rubber 
is an accepted fact. 

In the preparation of a rubberlike material from dimethylbutadiene, Konda- 
kow! departed from classical attempts at rubber synthesis, and laid the founda- 
tion for the first commercial “synthetic rubber”s, the German wartime “methyl 
rubber”. 

The tradition that rubber properties were related to high unsaturation per- 
sisted, and has led to numerous theories’: 1!:1° of elastic behavior based on 
geometric structures resulting from unsaturated linkages. Whitby?® and Staud- 
inger?® questioned the importance of unsaturation in determining rubberlike 
behavior, but encountered some difficulty in finding adequate support for this 
view, owing to the poor elastic properties of the practical examples available to 
them. Our studies on polymers of the simple monodlefins, which have been 
in progress for the past ten years, have led to some interesting conclusions in 
regard to this point. It was shown?! that high-molecular-weight linear poly- 
mers derived from simple olefins, such as the butylenes, possess a majority of 
the properties characteristic of rubber. Only the susceptibility to chemical 
action can definitely be attributed to the unsaturation of the natural rubber 
molecule. Physical properties which appear not to be intrinsically dependent 
on the carbon-double bond-carbon configuration are: tensile strength, elasticity, 
rebound, elastic memory, x-ray structure, mechanical orientation, electrical 
properties, and fractional solubility. It was, however, conclusively demonstrated 
that the saturated polymers are not capable of vulcanization in conventional 
manner. 

From these and other studies it is concluded that chemical unsaturation, 
which is so important from the standpoint of permitting vulcanization to take 
place, is also the greatest weakness of the natural rubber molecule. The reason 
for this is that, in the case of soft goods, which represent by far the major outlet 
for rubber, only a fraction of the available double bonds is utilized in vulcaniza- 
tion with sulfur. The low but definite consumption of unsaturation during 
vulcanization of rubber was first pointed out in 1912 by Spence and Scott??. 
Their conclusions were further confirmed by Boggs and Blake’ and by Brown 
and Hauser*. The latter showed that there is evidence of overcuring after as 


* Reprinted from Industrial and Engineering Chemistry, Vol. 32, No. 10, pages 1282-1292, October 
940. 
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little as 2 to 3 per cent of the unsaturation has been used up. The large resid- 
ual unsaturation is responsible for the pronounced chemical reactivity of 
soft rubber goods. It is this unsaturated character which makes natural rubber 
so susceptible to oxidation, with consequent deterioration on aging and dis- 
integration when subjected to the action of ozone. It is also responsible for 
its lack of resistance to such chemical agents as strong mineral acids, and also 
to its Jack of heat stability under oxidizing conditions. 

We are therefore confronted with a property of natural rubber on which it 
should be possible to effect a major improvement by synthetic methods. 


GENERAL DESCRIPTION OF BUTYL RUBBER 


With the foregoing considerations in mind, we approached the problem of 
producing a polymeric material having only the limited amount of unsaturation 
required for vulcanization—but no more. On completion of the curing opera- 
tion, such a product should give a rubber with substantially no unsaturation 
and therefore with the chemical stability characteristic of a saturated paraffin 
hydrocarbon. 

Researches undertaken to this end in the Esso Laboratories have led to the 
development of Butyl Rubber, which is a copolymer of olefins with small 
amounts of diolefins. This program has been carried through entirely inde- 
pendently of any other synthetic rubber development either in this country or 
abroad. 

The technique employed in this polymerization can best be made the subject 
of separate discussions. However, anyone familiar with hydrocarbon chemistry 
will appreciate the economic advantage of being able to utilize largely a simple 
olefin rather than a diolefin as the raw material in this synthetic rubber process. 

The designation Butyl Rubber must be considered a generic term, for by 
varying the olefinic and dioletinic materials employed, it has been found possi- 
ble to obtain products that differ considerably in their detailed properties, even 
though the basic characteristic remains the same in so far as the limited un- 
saturation is concerned. 

In the discussion which follows, however, the name will be used less broadly 
to describe a 100 per cent petroleum hydrocarbon product with an unsaturation 
corresponding to between 1 and 2 per cent of that found in natural rubber, as 
determined by iodine number, and with a molecular weight in the general range 
of 40,000 to 80,000 as determined by viscosity measurements on dilute solu- 
tions. Because of its freedom from impurities, in so far as these can be detected 
by ordinary chemical analysis, it is colorless and devoid of odor or taste. In 
appearance it resembles natural crepe rubber. Since it is an aliphatic hydro- 
carbon polymer, the density (0.91) approaches the minimum attainable for 
elastic materials of this type. 

Because the original unsaturation is very small, and because even this low 
unsaturation is greatly reduced (and may even be entirely eliminated) during 
the curing operation, vulcanized Butyl Rubber is extremely resistant to chemical 
attack. This is true because it has become, after vulcanization, not only a 
nonthermoplastic, strong elastic material, but also an essentially chemically 
saturated product as well. This means that, while from a physical standpoint 
vuleanized Butyl Rubber resembles soft vulcanized natural rubber, chemically 
it may be considered more similar to ebonite. It is extremely resistant to 
acids (even concentrated sulfuric or nitric), to oxidation, to ozone, and to other 
deteriorating influences. Like natural rubber, Butyl Rubber is not resistant 
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to aliphatic hydrocarbons, but it does show a surprising resistance to benzene, 
ethylene dichloride, and oxygenated solvents. 


VULCANIZATION 


In accordance with modern ideas of functionality and the fact that saturated 
polymers do not vuleanize by conventional methods‘, it is evident that vul- 
canizability is not independent of unsaturation. This principle is illustrated by 
Figure 1 which shows the effect of double bonds on the rate of vulcanization 
of Butyl Rubber varieties of varying unsaturation, using typical polymers and 
a standard compounding formula. 

However, it will be appreciated that rate of vulcanization is not the only 
criterion of vuleanizability, and that the time to reach optimum cure as evi- 
denced by tensile strength may bear little relation to practical problems of 
utilization. Modern views of polymerization phenomena‘ indicate that the 
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Fic. 1.—Effect of unsaturation of 


Butyl A on rate of cure at 155° C 
(311° F). 














% OF UNSATURATION ( RUBBER: = 100) 





6 


functionality per molecule as well as percentage of functional groups on a 
weight basis is important. This is qualitatively true for vulcanization of Butyl 
Rubber. The addition of certain foreign unsaturated materials having func- 
tionality toward sulfur produces unfavorable results. For example, small 
amounts of oleic acid, dipentene, and even rubber itself have interfered with 
curing in various instances. On the other hand, Butyl Rubber appears to 
be without effect when added in small percentages to rubber. 

The choice of accelerators is also an important problem in Butyl Rubber 
compounding. The resemblance to rubber in this respect is limited to the 
fact that certain accelerators for rubber can be used. The data in Table I 
illustrate the behavior of some common rubber accelerators when used in a 
particular Butyl Rubber stock. 

A representative formula for Butyl Rubber compounds is as follows: Butyl 
Rubber 100.0, zine oxide 5.0, stearic acid 3.0, sulfur 3.0, Tuads 1.0. 

The temperature effective in curing Butyl Rubber into which have been 
compounded zinc oxide, stearic acid, sulfur, and accelerator is from a practical 
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standpoint largely in the range between 140° and 200° C. Most of the results 
reported in this paper have been obtained when working with a curing tempera- 
ture of 155° C. At this temperature the curing rate of the Butyl Rubber stock 
used for tiie data presented in Table II and Figure 2 is comparable with that 


TasB_e I 
Errect of ACCELERATORS ON VULCANIZATION OF BuTYL RUBBER 


Condition 


Accelerator of cure 

Tetramethylthiuram disulfide ................00e008- Good 
Zinc dibutyldithiocarbamate ................eeeeeeee Good 
SRR OMNI fcc ants Seihinekek es sueeh eunes Oa Poor, blistered 
Piperidinium pentamethylenedithiocarbamate ........ Poor 
PM IMINED or nica cea be cub ak anes anleiebes'e Poor 
Benzothiazyl disulfide + diphenylguanidine .......... Poor 
Mercaptobenzothiazole (Captax) + tetramethyl- 

oe ee er Good 

Tas.eE II 


Errect OF TEMPERATURE ON CURING Rate or ButyL RUBBER 








138° C cure 145° C cure 150° C cure 155° C cure 
—_ cr A... cr adn ~ 
Tensile Tensile Tensile Tensile 
strength Elonga- strength Elonga- strength Elonga- strength Elonga- 
Cure (Lbs. per tion (Lbs. per tion (Lbs. per tion (Lbs. per tion 
Min. sq. in.) (%) sq. in.) (%) sq. in.) (%) sq. in.) (%) 


15 Undercured — 1300 1270 2400 1130 2780 1070 
30 1400 1260 1970 1080 3350 1090 3540 1000 
60 2720 1180 2640 1000 3360 970 3510 980 
120 2930 1030 3360 980 3620 980 3640 970 
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Fig. 2.—Effect of temperature on the curing 
rate of Butyl A. 
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of natural rubber which is being cured with, say, a guanidine or with a 
mercaptothiazole. 

No tendency to overcure is encountered in increasing the time from 1 to 
2 hours in the 155° C test. This observation is, of course, true for this par- 
ticular type of Butyl Rubber, whereas other types may definitely overcure under 
even milder conditions. 


RESISTANCE TO AGING AND OTHER CHEMICAL ACTION 


Dufraisse® summarized his views on the oxidative character of rubber as 
follows: “It would be difficult to understand its behavior in air if one were 
to lose sight of the fact that its chemical structure makes it an essentially 
autoxidizable substance. Often dormant, its reactivity is always ready to be 
awakened at the first provocation.” 

The enormous literature on rubber aging cannot be summarized here. It is, 
however, a widely observed fact that two types of rubber deterioration occur, 
namely, tackiness and hardening. These different phenomena are summarized 
from Staudinger’s work?‘ as follows: “Every reaction which shortens the length 
of molecules liquefies the mass; and, conversely, every reaction which lengthens 
the atomic chains tends to solidify the mass. These two actions correspond 
exactly to the chief transformations which rubber undergoes, which are noth- 
ing more than changes in consistency, viz., a fluidifying degradation and a 
hardening.” 

Butyl Rubber offers an opportunity of generically separating these phe- 
nomena. Butyl Rubber varieties of low unsaturation undergo only the de- 
gradative or softening type of deterioration under the severe influence of 
heat, light, and air. Since natural rubber predominantly undergoes hardening 
deterioration, this behavior must be due to unsaturation, and the action of 
Butyl Rubber confirms the following conclusion of Dufraisse*: “Olefins are par- 
ticularly subject to this change (autoxidation) because of the tendency of the 
double linkage to become saturated by condensation; this is also the case with 
substances having relatively large molecules, such as drying oils as well as 
the simple derivatives of ethylene.” 

By elimination of excessive unsaturation, the major cause of rubber de- 
terioration has been removed. In general, the use of age-resisters is unnecessary, 
since Butyl Rubber vuleanizates may be even more resistant to age deteriora- 
tion than natural rubber containing the best antioxidants. If age-resisters, 
such as phenyl-B-naphthylamine, are used in Butyl Rubber of the lowest un- 
saturation, the results are found to be somewhat erratic, sometimes showing 
the addition of age-resisters to be of benefit, sometimes of no benefit. In any 
event, the fortification of Butyl Rubber by age-resisters is not relatively so 
great as in natural rubber, nor is it so important. This also means that age- 
resister staining is not a problem with Butyl Rubber. 

Laboratory aging tests have been conducted in a standard Bierer-Davis rubber 
aging bomb at a constant temperature of 70° C, and an oxygen pressure of 
300 pounds per square inch. The time of aging is 14 days. This prolonged 
hbomb-aging time (considerably longer than that for natural rubber) is used 
because aging periods of 48, 72 and 96 hours are not sufficient to cause 
measurable deterioration. The age resistance of a 50 per cent Calcene loaded 
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stock is illustrated in Figure 3. Other Butyl Rubber stocks are compared 
with rubber in Table III. 

While these results show that, in general, Butyl Rubber has excellent heat 
and age resistance, they also bring out the fact that, whereas the elevation in 
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TENSILE STRENGTH, LBS./SQ. IN. 


Fic. 3.—Effect of loading (50 per cent calcene) on 
tensile strength of Butyl A. 


Tas_e IIT 


Heat AND AGE STABILITY OF RUBBER AND ButyL RuBBER IN GEER OVEN 





Tensile strength, lb. per sq. in. 





14 days, 7 days, 24 hrs.. 
Loading 70° C 100° C 150° C 
(on total gum) Original oven oven oven 


NATURAL RUBBER 


NG I NNN So eens bea te saan eee 3400 2500 0 (brittle) Melt 
No. 2 pure gum (heat-resistant)........ 2700 2780 0 (brittle) Melt 
BUTYL RUBBER 
ole) 1) AS ee ene emer ae 3500 3500 2870 Melt 
RS MRI oe Gate ke eu wee exe eka 2300 2320 1800 Melt 
EO or errr 2600 2300 2300 660 
NP MEMIOR Ts oy parc nsn See esckucit hbk 2000 1800 1800 670 
PU MPDNESNNN cn coon ssekaohisns es eaus 3300 3000 2720 920 
EU ONS OY ge ar emer ee 2600 2260 2180 1330 
NG REN THERON is we ew cose bwae 3340 2850 2040 Melt 
B50) SURI MORO S nose eccic nes soeunes oc 3100 3000 2350 Melt 
I MEAD aK ica ol oss ad we Ge Re Sw eon uas 3000 2560 2000 440 
CSR. o> Ee ea erent ae 2300 2000 1870 620 
Uy SEEM. oo obs bee kG es hceueees's 3300 3150 2300 Melt 
Hepp MEER cook ee bau aces 3000 2560 1870 Melt 


* Cabot No. 9 gas black. 


aging temperature from 70° to 100° C makes a great difference in the physical 
properties of natural rubber, it makes relatively little difference in the physical 
properties of Butyl Rubber. 

Specifically, if pure gum Butyl Rubber is compared with a pure gum heat- 
resisting natural rubber, it will be seen that, after 2 weeks at 70° C, the tensile 
strength of neither stock has been decreased. But elevating the temperature 
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to 100° C ruins the natural rubber, while Butyl Rubber still retains most of 
its original tensile strength. 

Similarly, in sunlight only the depolymerization behavior of rubber is ex- 
hibited by Butyl Rubber. Where objectionable, this tendency can be overcome 
by loading with carbon black to the extent of some 30 per cent or more. Such 
samples have been found to have cracked less after 4 months of direct summer 
sunlight than natural rubber tire tread samples exposed similarly for only a week. 

The catalytic aging effect of certain metals has also received wide atten- 
tion’? *6, As Table IV shows, Butyl Rubber, which has been mixed with 
copper, manganese, or cobalt salts, has approximately the same tensile strength 
after aging as before; rubber treated in the same way is completely deteriorated. 

As a comparison, 0.5 per cent of manganese phenol sulfide and 0.5 per cent 
of copper oleate were milled into natural rubber. After 14 hours (in comparison 
with 7 days for Butyl Rubber) in the Geer oven at 95° C, the tensile strength 
was so low it could not be determined. In another experiment 1 per cent. of 
cobalt phenol sulfide was added to a natural rubber composition, and the vul- 





Tas_e IV 
EFFrect oF METALLIC SALTS ON DETERIORATION OF ButTYL RusBBeR BY OXYGEN 
Tensile strength Elongation 
(bs. per sq. in.) (% ) 
Sample After)“ After 
No. % Metal salt added Type of aging Original aging Original aging 
461 — 7 days, Geer oven, 
al © ae 2110 1880 1000 1000 
470-A 2 Cu oleate... iccccses anne 2.1355 o Sa 2070 2380 1000 1000 
473 0.5 Mn phenol sulfide..Same .......... 2250 2000 950 1020 
CAC oa 92 hrs., Bierer 


bomb, 70° C... 2250 2140 1050 1070 


canizate was aged in the Bierer bomb for 72 hours. At the end of this aging 
period the rubber sample had melted and fallen to the bottom of the bomb. 
It is apparent that the acceleration of aging by metallic catalysts is related 
to the presence of an excessive amount of unsaturation in the rubber molecule. 

That attack by ozone is characteristic of high unsaturation in the rubber 
molecule has been adequately demonstrated by Harries®. In accordance with 
Staudinger’s view2* that only a very few scissions of large molecules will pro- 
duce marked evidence of degradation, it is apparent that even polymers of 
low residual unsaturation would be vulnerable to ozone attack. Butyl Rubber 
varieties of varying ozone resistance have been prepared. Most varieties are 
remarkably stable to strong ozone. This characteristic is illustrated in Figure 4. 

Another of Butyl Rubber’s salient characteristics, which is again related to 
its chemically saturated nature, is its unusual acid resistance. As far as we 
know it is unique in this respect, since it is the only acid-resisting plastic that 
is vuleanizable. When soft vulcanized natural rubber is immersed in concentrated 
sulfuric acid or nitric acid, its useful life is ended within a few hours or even 
minutes. Under identical conditions, pure-gum Butyl Rubber vulcanizates have 
been observed to last several months. Figures 5 and 6 compare Butyl Rubber 
and natural rubber in their resistance to concentrated sulfuric and nitric acids. 
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Natural rubber, carbon Natural rubber, pure Butyl Rubber, pure Butyl Rubber, carbon 
black loading, 4-mins.’ gum, 4-mins.’ exposure. gum, 1.5-hrs.’ exposure. black loading, 1.5-hrs.’ 
exposure. exposure, 


Fic. 4.—Resistance of samples exposed to ozonized air (0.22 per cent ozone). 


PROCESSING 


A relation between the processing properties of rubber and its viscosity in 
solution was suggseted by Schidrowitz and Goldsborough in 1909!%. This 
property was later translated into a measure of molecular weight by Staudinger?*. 
It is reasonable to expect that, aside from differences in types of Butyl Rubber 
products, a variation in processing dependent on molecular weight is also possi- 
ble. In general, however, the processing of Butyl Rubber is not essentially 
different from that of natural rubber, except that it needs no breakdown or 
mastication but is ready for the incorporation of pigment or vulcanizing ingredi- 
ents as soon as it has formed a continuous sheet around the mill roll. In the 
unvuleanized state the material exhibits a peculiar thermoplastic property, which 
seems to be modified at high temperatures. This can be noted by thermal 
characteristics on the mill. When first placed on the mill rolls while cold, Butyl 
Rubber is tough and ropy. As soon as it is warmed by internal friction to 
80-100° C it becomes soft and smooth; if it is heated above this temperature, 
it becomes crumbly again, in this respect exhibiting a kind of thermoplastic 
reversion. 

TENSILE STRENGTH 


From a practical standpoint the relation between tensile strength and com- 
mercial utilization is obscure. However, in laboratory evaluation, tensile strength 
offers a ready means of classification of products, and has been used as a standard 
for much of our work. For theoretical considerations, tensile product or prefera- 
bly tensile strength calculated from cross-section at break may be more 
significant. 

Table I shows that strengths of 3600 pounds per sq. in. and elongations of 
1000 per cent are readily obtainable. Calculated on the basis of cross-section 
at break, this gives actual strength figures greatly in excess of those of natural 
rubber. 




















Butyl Rubber. Natural rubber. 


Fic. 5.—-Relative resistance of Butyl] Rubber and natural rubber to concentrated sulfuric acid after 
10-day immersion. 


Butyl A. Natural rubber. 





HNO; SOLUBLE 





Before exposure. After 20 hrs. in HNO, at room temperature. Before exposure. 
Fic. 6.—Relative resistance of Butyl Rubber and natural rubber to concentrated nitric acid. 
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STRESS-STRAIN RELATION 


The stress-strain curve of Butyl Rubber is different from that of natural 
rubber (Figure 7). Until a strain of about 500-700 per cent is exerted on the 
sample, the stress is low; from this elongation to the breaking point, the curve 
is more nearly like the total stress-strain curve for natural rubber. 

It is not certain what the difference in the two curves means in actual applica- 
tion. Wiegand*! proposed that the ideal rubber compound should most nearly 
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Fic. 7.—Stress-strain characteristics of three 
types of Butyl as compared with natural 
rubber. 


obey Hooke’s law, 7. e., give a straight-line relation. In discussing this, Shepard, 
Street, and Sharp? suggested an opposite viewpoint: “It may be that one of 
the most. valuable properties of rubber in abrasive service is its low rigidity, 
which allows it to back away from the impact point without rupture.” This 
is, in fact, the case, as measured by shock-cutting resistance of rubber and 
Butyl Rubber loaded with carbon black to similar hardness and flexing charac- 
teristics as described below. 


IMPACT-CUTTING RESISTANCE 


This test is based on a simple method used in our laboratories. A flat, rigidly 
held, horizontal steel plate supports the specimen under test, a block }x?x4 
inch thick. To another flat steel plate, weighing 30 pounds and parallel with 
the base plate, a triangular file is attached by means of a halter. This upper 
plate is dropped from a height of 6 inches directly on the rubber block, so 
that the full impact is concentrated on the specimen along the file edge. The 
test can be fairly accurately duplicated, in that similar samples are cut to 
the same degree. 

The conclusions drawn from the results of this test are: 

1. Butyl Rubber containing 80 per cent Gastex or gas black has considerably 
better shock resistance than a natural rubber compound of the same hardness, 
containing about 50 per cent gas black. 

2. Increase in loading improves the shock resistance. 

3. There is no quantitative relation between shock resistance and abrasion 
resistance as measured by laboratory methods, although, in general, highly 
loaded stocks have both good abrasion and shock resistance. 
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LOADING AND REINFORCING 


Up to this point we have considered primarily Butyl Rubber mixtures 
without fillers, although in practice compounding ingredients are usually added. 
Butyl Rubber may be compounded with most of the ordinary pigments used 
in natural rubber, but a description of the influence of all such ingredients 
would lead too far afield. From the standpoint of tensile strength, Butyl Rub- 
ber differs from rubber in that carbon blacks of the reinforcing type do not 
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Fic. 8.—Crescent tear tests on Butyl A. 
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Fic. 9.—Effect of loading (titanium dioxide) on tensile 


strength of Butyl A cured 30 minutes at 155° 
(311° F) 


increase the tensile strength except for certain rapidly-curing stocks, and the 
change in tensile strength with carbon black and with other pigments is not 
greatly different for the various inert fillers. This is illustrated in Figures 8 
and 9 for channel gas black and for titanium dioxide. 

Carbon black is an important pigment for Butyl Rubber, as it is also for 
natural rubber. The synthetic polymer may be much more heavily loaded 
with carbon black without becoming excessively hard and stiff and without 
readily cracking under constant flexure. Amounts as high as 100 parts of 
earbon black per 100 parts of Butyl Rubber can be readily incorporated with- 
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out the flex-cracking problem becoming any more acute that it is with a 
natural rubber compound containing 50 per cent black on the weight of the 
gum, or without the polymer compound hardness exceeding about 65° (Shere 
instrument). 

As already stated, the tensile strength of Butyl Rubber is not generally 
increased to any great extent by the addition of carbon black. Other mani- 
festations of reinforcement are, however, present. Thus, the abrasion resis- 
tance (determined by laboratory test methods), the cutting resistance, the shock 
resistance, and the toughness are elevated to at least the range of those prop- 
erties in the best rubber-carbon black compositions. These data emphasize the 
well-known but interesting fact that stress-strain curves do not necessarily, 
as proposed by Wiegand, shed much light on the practical behavior of rubber 
under service conditions. 


ELASTICITY, HYSTERESIS-LOSS AND COMPRESSION SET 

Exasticiry.—Strictly speaking, an elastic deformation is one which disap- 
pears on release of the stress which caused it. This definition is simple to 
remember but difficult to apply. Houwink’™ states: “Rubber may be said to 
be highly elastic, but its deformation is not truly elastic except under certain 
conditions.” The behavior of steel is said to be truly elastic relative to the 
speed and completeness with which it returns to its original position. Houwink 
summarized this situation as follows: “The harder and more rigid a material, 
the more truly elastic is its deformation under a small stress.” Returning to 
our stress-strain curves, it appears that natural rubber is more rigid than Butyl 
Rubber. In the lower deformation range, it is apparent that more energy will 
be put into rubber for the same deformation, and it is only reasonable to 
assume that it will retract more energetically. This is manifested by the 
phenomenon variously termed “snap” or “nerve”. However, it is inconsistent 
to differentiate the behavior of rubber and steel by the words “highly elastic” 
and then to consider rubber more elastic than Butyl Rubber, because it is 
less “highly elastic” or more rigid. 

Whitby*®® introduced the term “elasticity temperature” to describe bodies 
which may exhibit rubberlike elasticity at temperatures higher or lower than 
normal. In the light of present knowledge, “temperature range of elasticity” 
as used by Rosenberg'® would be more descriptive. Just as lubricating oils differ 
in their viscosity at different temperatures, so do rubberlike substances differ 
in their elastic behavior. Among rubberlike substances, Butyl Rubber is unique 
in that it is elastic not only at the normal temperature range of elasticity of 
rubber but also at much lower temperatures. Practical tests have demonstrated 
Butyl Rubber to have usuable elastic properties at temperatures as low as 
—80° F. This is illustrated further by flex-resistance tests discussed later. 

Hysteresis Loss—As measured by the area of the loop confined by the 
extension and retraction curves with a retraction rate of 3 inches per minute, 
hysteresis loss may also be related to the stress-strain curve. As Figure 10 
shows, there seems to be slightly less loss for rubber. It is possible that the 
difference would have been much more marked had the available equipment 
permitted a comparison at higher retraction rates. However, these data repre- 
sent only one type of Butyl Rubber stock, and no practical evaluation of their 
significance has been carried out. A more detailed study of the hysteresis prop- 
erties is now in progress. 
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Compression Ser.—The A.S.T.M. method calls for compressing cured cylin- 
ders, 0.5 inch thick and 1 square inch surface area, between parallel steel plates 
under a pressure of 400 pounds. The cylinders are he!d under this constant 
pressure in an oven maintained at 70° C for 22 hours. At the end of this 
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Fic. 10.—Hysteresis loss on pure gum 
samples at an extension and retraction rate 
of 3 inches per minute. 


time the cylinders are removed and permitted to rest under no load for 30 
minutes. They are then gaged, and this reading is compared with the original 
thickness. Results are expressed as per cent decrease in gage based on the 
original thickness. The following table compares typical rubber and Butyl 
Rubber stocks: 


% Compression set 





“A fter 30-min. After 1-week 
Sample No. % Gas black rest rest 
 vcexiwrnncecceesuwenca About 50 8.7 6.4 
RRs ats carats elas ater rap ales ei 60 76 43 
BE iia iry pahanne ee eursine esis arene 70 7.6 48 


@ Commercial first-grade tire tread stock. 


FLEXING 


Butyl Rubber is exceptionally resistant to flexing. The data were obtained 
on a DeMattia-type flex tester. This machine dynamically flexes samples at 
a speed of 600 strokes a minute. A sample of commercial first-grade tire tread 
stock is compared with more highly loaded Butyl Rubber stocks in Tables 
V and VI. 

These results demonstrate that, not only are Butyl Rubber tire-tread-type 
compounds initially much more resistant to dynamic flexure, but after long 
aging they lose little of this resistance, while the natural rubber tread fails 
rapidly on such severe aging. 

Flex-cracking tests were also performed at elevated and depressed tempera- 
tures. This was done by enclosing the flexing machine in an insulated cabinet 
provided with a glass window, and heating the machine and the interior of 
the box with electric heaters or cooling by circulating a refrigerant through 
copper tubing inside the box. Results are given in Table VI on the same 
stocks as were used for the room temperature tests. 
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These data are illustrative of the fact that Butyl Rubber has an unusual 
“temperature range of elasticity”. That this property has practical significance 
has already been demonstrated in certain applications. 


TABLE V 
FLex RESISTANCE OF RuBBER AND Butyt RuBBER 
Natural Butyl 
rubber Rubber 


AT ROOM TEMPERATURE 


% gas black (on gum content).............4 About 50 20) f 
DORGRMR ie Sect Rc Sei ee che a a say — 55 po total 
ST Ne (OO i ee ne nee 58° 60° 
Flexures to initial cracking................ 140,000 1,500,000 
Flexures to complete cracking............. 850,000 5,000,000 
AFTER AGING FLEX STRIPS 14 DAYS IN BIERER BOMB 
Flexures to initial cracking................ 100,000 2,000,000 
Flexures to complete cracking............. 400,000 4,000,000 
TasBle VI 
EFFECT OF TEMPERATURE ON THE FLEX RESISTANCE OF RUBBER AND ButTyL RUBBER 
Natural 
rubber 
Flexures tread Butyl Rubber tread 


100° c TEST 


To initial cracking........... 140,000 Test discontinued after 4,500,000 flex- 
To complete cracking........ 2,800,000 ures (no cracking) 

— 22° c TEST 
To initial cracking........... 90,000 Test discontinued after 1,000,000 flex- 
To complete cracking........ 260,000 ures (no cracking) 

ABRASION 


Laboratory abrasion test results are likewise satisfactory. It is true that 
these tests cannot be translated into actual serviceability (such as road-wear 
characteristics of a tire tread stock), but they are nevertheless indicative of 
general abrasion characteristics. 

As has been stated, Butyl Rubber in comparison with natural rubber may 
be more heavily loaded with carbon black without undue hardening or stiffen- 
ing. Tests have shown that 75 to 80 parts of Gastex or gas black may be in- 
corporated before the hardness of the vulcanizates exceeds some 60° Shore; this 
is in the hardness range of an ordinary natural rubber tire tread containing 
about 50 parts black. It has also been shown that, while the addition of carbon 
black may not increase the tensile strength of Butyl Rubber as it does natural 
rubber, there are other manifestations of carbon black reinforcement, and abra- 
sion resistance is one of them. 

A du Pont abrader was used for laboratory testing. This machine measures 
abrasion resistance as cubic centimeters loss per horsepower-hour; the lower 
the loss, the better the abrasion resistance. 














BUTYL RUBBER 191 


Table VII shows abrasion resistance results, before and after 14-day aging 
in the Bierer-Davis bomb; comparison is made with a commercial first-line 
rubber tread stock. 

The additional volumes of carbon black show their presence by conferring 
higher abrasion resistance on Butyl Rubber compounds (111 to 136 ce. loss per 


Taste VII 
ABRASION RESISTANCE OF RUBBER AND ButyL RUBBER 


Abrasion loss, 
ee. per h. p.-hr. 





cr 


Sample 14 days, 
No. % Gastex % Gas black Original Bierer bomb 
BUONE? ....s 0c bandaoas — About 50 210 355 
(0 ge Re eat ee roc are at mE? 66 15 136 96 
1) RES Renee er aN nines 2 55 20 134 121 
(fe ee ee ee 55 20 122 131 
RD fou teccah Catala eich ia 55 20 111 130 


horsepower-hour compared with rubber 210 cc.); Butyl Rubber for its own 
part demonstrates its exceptional age resistance by the fact that the aged samples 
are as good as the original. 

Although the limitations of such an arbitrary test cannot be too strongly 
emphasized, the comparison between the effect of aging on the natural rubber 
and Butyl Rubber stocks is considered significant. 


TEAR RESISTANCE 


As in natural rubber, carbon black increases the tear resistance of Butyl 
Rubber. Up to the practical limit of loading, the higher the carbon black 
content, the greater the resistance to tear. The carbon blacks so far developed 
for rubber use have not been found to reinforce the strength of Butyl Rubber 
of lowest unsaturation, so that at present a balance between tensile strength 
and tear resistance of loaded stocks is required (Figure 7). 


REBOUND 


Assuming, as we have, that Butyl Rubber merits the designation of being 
highly elastic, its rebound characteristics provide some basis for simplifying 
popular opinions concerning elastic properties. Both rubber and steel have high 
rebound under normal conditions. Since they are typical examples of truly 
elastic and highly elastic bodies, it has been customary to consider rebound as 
an elastic property. Butyl Rubber does not bounce appreciably at room tempera- 
ture. It does, however, have a high temperature response to rebound, and at 
100° C closely resembles the behavior of rubber. Since it undergoes no such 
marked change in common elastic properties, we may reasonably conclude that 
elasticity and rebound are not interdependent phenomena. Data comparing 
the rebound of rubber and Butyl Rubber at various temperatures are given 
in Figure 11. Plasticizers such as p-cymene greatly accelerate the rebound of 
Butyl Rubber at room temperature. 


WATER-ABSORPTION RESISTANCE 


Resistance to water absorption is importanct for many applications, such 
as tank car linings, miscellaneous hose, gaskets, ete.; but it is particularly im- 
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portant when a material is to be used for electrical cable insulation where water 
absorption by the insulating medium may greatly change the electrical proper- 
ties and result in failure. 


Tas_e VIII 


Water ABSORPTION ON IMMERSION IN BoiLING WATER FOR ONE WEEK 


% Loading % Weight 
Type stock (on total gum) increase 
OS re oer re TT Pure gum 11.2 
BERNIE Sosisi ook ork inn ae Sen hana bee Pure gum 12.6 
ROSS MENTINOEN oc Air's wine whence Gncnaweee Pure gum 2.9 
50 Calcene 54 
50 Gastex 48 
50 gas black 24 
50 zine oxide 49 
50 P-33 4.0 
50 lithopone 46 


Tests on water absorption were made by immersing specimens in_ boiling 
water for one week and measuring the percentage increase in weight. The 
results are shown in Table VIII. Two natural rubber stocks were used, the 
first, an ordinary pure gum compound, the second, a heat-resisting compound: 
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Rubber Rubber 

stock 1 stock 2 
MENGHOUGAMBO! (sais e000 s biedic a auveeteaeirniniece tia nate 100.0 87.5 
OMG EI es eo ar aiatesiice nies euconeainieeeesleess 5.0 5.0 
RO MAGS Saath 0) osreb esters d aisaiearness Hale eee 10 — 
Wer NMMNEEIR rece cece te) ecnr avs ave ero coteis ia oreinerana oa Tarai atone — 2.0 
PRR CU ES ROMANS 6550 05 seioratueroina ccd seks eNerainellerSielziac 15 — 
PRM INNS AM EN 5595 as sa ito citer sya’ pscitovwllaunier.6 06:00 erste als — 15 
Mercaptobenzothiazole ..............0eeeeeee 1.0 —_ 
Tetramethylthiuram disulfide ................ — 3.0 
BONN SND) ssc te getosera ve ncio aoe aie cavemiate or ere Glers Grate clsreciw ars 3.0 — 


These natural rubber stocks were compared with several Butyl Rubber stocks, 
both pure gum and with various loading pigments. 


SOLVENT RESISTANCE 


Butyl Rubber is not primarily a solvent-resisting material. It has, however, 
the following interesting characteristics: 

1. Although it is swelled by aliphatic hydrocarbon solvents as readily as 
natural rubber, it is more resistant to the simple aromatics, such as benzene 
and toluene, than some synthetics which now are being used for the construc- 
tion of gasoline-dispensing hose. 

2. It is unaffected by such nitrogen-containing solvents as nitrobenzene and 
aniline. 

3. It is relatively unaffected by some halogenated solvents, such as ethylene 
dichloride, but may swell more than natural rubber stocks in others. 

4, It is in general unaffected by oxygenated solvents such as ethers, alcohols, 
and esters. 


ELECTRICAL PROPERTIES 


As would be expected from a saturated hydrocarbon free from electrolytes 
in any form, Butyl Rubber possesses unique electrical properties. A comparison 
between pure-gum natural rubber and pure-gum Butyl Rubber is given in 
Table IX. These data show that the electrical properties are maintained also 
after soaking in water. 


TasLe IX 


ELECTRICAL PROPERTIES MEASURED aT 1000 CycLEs 








Butyl Rubber Natural rubber 

0.6 0.5 : 
Dielectric strength (kv. per mil) Dry Wet ¢ Dry Wet 4 
Dielectric constant (1000 cycles)......... 211 2.10 2.46 2.76 
I ND CDs a Sodkndndansdavave'naks 0.04 0.05 0.04 0.16 


“88 hours in distilled water; surface wiped dry for measurement. 


GAS PERMEABILITY 


Butyl Rubber is a better gas barrier than natural rubber, judged by tests 
carried out on a variety of gases. In the case of some of these, the rate of 
diffusion is so low that it has been found difficult to obtain reproducible results. 
While more accurate determinations are now in progress, the values in Table 
X are given to show the approximate orders of magnitude. 
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TABLE X 
APPROXIMATE RELATIVE GAS PER MEABILITIES THROUGH PURE GUM STOCKS 
Ratio of rate of diffusion 


through natural rubber 
to rate of diffusion 


Gas through Butyl Rubber 
SEERA Aun Greens aa wawen ae hea en pene ya See rae eae 10-12.5 
PORT ed gio cits Sa aaa See os RE Mb Sees we 6 or greater 
RIRINIMIN ete oa el eee oa Sais bebe a wine OE 10-20 
NMA MERLINERIB SS ont EE eae Gime eae aS RNS Oe Very great 


PRESENT STATUS OF DEVELOPMENT 


Butyl Rubber is being evaluated for as many of its potential uses as possible 
by such tests as it has been possible to devise. Because of the dominating im- 
portance of the automobile tire field as an outlet for rubber, tests were under- 
taken on a small seale early in the program to answer the question whether or 
not Butyl Rubber had any possibilities in this direction. Most of the efforts, 
however, were concentrated on problems involved in the manufacturing process. 

Meantime, the military authorities had been kept currently informed of 
the development of this new product, with the result that tests were initiated 
about two years ago to evaluate Butyl Rubber for more specialized defense 
uses. When the future supply of natural rubber became a matter of national 
concern, the Standard Oil Development Company was requested by the Army 
and Navy Munitions Board to codperate with one or more rubber companies 
to the end that the suitability of Butyl Rubber for tire manufacture could be 
determined at the earliest possible moment. Such a program was promptly 
undertaken and is still in progress. 

Originally the goal of those working in this field was to synthesize a product 
that would equal natural rubber in those properties which have contributed 
to make it one of our most important structural materials. The more recent 
trend is to synthesize materials closely resembling Nature’s product in some 
respects, at the same time surpassing it in others. In the light of the achieve- 
ments to date, we are justified in looking forward to the development of a series 
of syntheties, each one of which will exceed natural rubber in certain specific 
properties; in the aggregate, therefore, these products will give us something 
superior to rubber as we know it today. It is felt that Butyl Rubber possesses 
properties which will secure an important place for it in this synthetic picture. 

Future manufacturing plans will depend somewhat on tests now in progress 
and to be undertaken more widely when the material is distributed among pros- 
pective users. The program being foilowed with respect to the evaluation of 
the product for commercial uses is to some extent governed by national defense 
considerations. 
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EFFECT OF PETROLEUM PRODUCTS ON 
NEOPRENE VULCANIZATES 


I. EFFECT OF LUBRICATING OILS * 


Dona Lp F. FRASER 


ORGANIC CHEMICALS DEPARTMENT, RUBBER CHEMICALS Division, E. I. pu Pont pE Nemours & 
Company, INC., WILMINGTON, DEL. 


In writing control specifications for fabricated Neoprene parts, a volume 
increase test after immersion in a lubricating oil is frequently made part of 
the requirements. Since the choice of Neoprene in preference to rubber is 
frequently dictated by its superior oil resistance (as well as its superior age, 
heat, and sunlight resistance), the use of such a test is logical provided the 
conditions are intelligently chosen. This paper is devoted to a discussion of 
the various factors influencing the volume increase test and the method of 
choosing representative oils so that the oil samples may be duplicated with 
respect to their swelling effect on Neoprene vulcanizates. 


NEOPRENE AND OILS USED 


The Neoprene compound used in this investigation was: 


PN PEM INE s n55. cs cueminn eae isa SEL Oe sw hums wa 100 
Extra light calcined magnesia...........cccccccssccccsccccsecs 4 
DHMINGINICINT CATION BIBCK "5. ..0.060ss.c0ssevccedeseeeseses 28.8 
REE OOO ENS SES oe eee ye nee ae 2 
a et Peed ia hend nbd phbeeweridki heehee asnas 5 


® Gastex was used. 


This compound contains 20 volumes of carbon black per 100 volumes of Neo- 
prene. The compound included a relatively small amount of loading in order 
to show more clearly the small differences in the results, and is to be considered 
as a test formula rather than a commercial compound. Slabs of the compound, 
3x 6x 0.085 inch, were vulcanized in a mould in a hydraulic press for 30 minutes 
at 141.7° C. For the volume increase test, specimens 20.5 inch were died out 
from the vulcanized slabs. The percentage volume increase of the specimen 
was determined by the volume displacement method, according to the pro- 
cedure of the American Society for Testing Materials (Designation D471-37T). 

The oils investigated were commercial lubricating oils, purchased on the 
open market as various SAE grades. The source, treatment, and physical in- 
spection data of these oils are given in Table I. 

After the original volumes of duplicate test-specimens were obtained, the 
specimens were immersed in the oil under examination in individual glass test 
tubes. The test tubes were placed in a glycerol bath maintained at 100° C. 
The volume was determined by a Jolly spring balance after immersion periods 
of 1, 2, 7, 14, and 28 days, and the percentage volume increase was calculated 
after each period. With two of the oils (samples 1 and 2) the tests were also 
run in air baths maintained at 70°, 50°, 27.5°, and —15° C. The time-swelling 


* Reprinted from Industrial and Engineering Chemistry, Vol. 32, No. 3, pages 320-328, March 1940. 
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curves of the Neoprene compound in the various oils after immersion at 100° C 
are given in Figure 1. Figure 2 shows the time-swelling curves of the compound 
in oil samples 1 and 2 at the various temperatures. 
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Fig. 1.—Time-swelling curves of neoprene compound in 
various oils at 100° C. 


TIME TO REACH EQUILIBRIUM 


The curves indicate that, after immersion for a short time, the Neoprene 
vulcanizate shows a maximum swelling in each oil, and that the oil-Neoprene 
system attains a swelling equilibrium. Equilibria are reached more rapidly in 
the case of those oils having the least swelling effect on Neoprene at a given 
temperature; with all the oils, the length of time before equilibrium is reached 
is decreased when the temperature of immersion is increased. As might be 
expected, the swelling of the Neoprene in the oil increases as the temperature 
of immersion is increased. Obviously, to increase its practicability, a volume 
increase specification should specify a time of immersion sufficiently prolonged 
so that the Neoprene compound may attain equilibrium in the particular oil 
and at the particular temperature used. The fact that Neoprene compounds 
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Fic. 2.—Time-swelling curves of neoprene compound in 
oils 1 and 2 at several temperatures. 


attain equilibria with petroleum derivatives accounts for the successful use 
of Neoprene products where resistance to swelling in petroleum derivatives is 
important. Rubber products, on the other hand, are progressively swollen by 
oils, the swelling increasing until the swelling pressure exceeds the strength 
of the vulcanizate, at which point the rubber vulcanizate disintegrates. 

Figure 1 also discloses the fact that in a variety of oils the swelling of the 
Neoprene compound is independent of the SAE numbers of the oils. Therefore, 
in writing a volume increase specification, it is not sufficient merely to indicate 
the SAE rating of the oil to be used, because the swelling power of the oil depends 
on the chemical components and these are governed by the source and (or) treat- 
ment of the crude. It has been found that Neoprene is resistant to members 
of the paraffin series, whereas naphthenes cause a severe swelling and aromatics 
a very severe swelling. Consequently the specification for the oil must include 
some factor that will specify or indicate these components of the oil. 

A search of the literature® reveals that the “average” chemical constitution 
or the predominating components of mineral oils may be classified or charac- 
terized by several of the data presented in Table I. 


EFFECT OF PHYSICAL PROPERTIES OF OILS 


In Figure 3 the viscosity-gravity constants of the oils are plotted against the 
percentage volume increase of the Neoprene test compound after immersion in 
the oils for 14 days at 100° C. This time period was chosen so that the oil- 
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Neoprene systems were at or had almost attained equilibria. The viscosity- 
gravity constants were calculated by the method of Hill and Coates* according 
to the equation: 


10G — 1.0752 log (V —38) 
10—log (V—38) 





where a= viscosity-gravity constant. 
G=specifie gravity at 60° F. 
V=Saybolt Universal viscosity at 100° F. (sec.). 
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VISCOSITY—GRAVITY CONSTANT 


Fic. 3.—Effect of viscosity-gravity constant on volume increase 
of neoprene compound in various oils. 


The shape of the curve in Figure 3 indicates that at swelling equilibrium the 
percentage volume increase is a logarithmic function of the viscosity-gravity con- 
stants. This function for the Neoprene Type G compound used in the investiga- 
tion is: 

log V=10.384a—7.09 


where V= % volume increase of Neoprene compound at swelling equilibrium. 
a= viscosity-gravity constant of oil. 


After the viscosity-gravity constant was determined, the gravity index was 
calculated as proposed by McCluer and Fenske*, who assigned gravity index 
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figures to the range of viscosity-gravity constants (V. G. C.) of the oils studied 
in their investigation. For convenience this table is reproduced from the original 
article: 





Gr. index V.G.C. Gr. index V. G. C. Gr. index V.G.C. 
0 0.8867 50 0.8640 90 0.8298 
10 0.8835 60 0.8571 100 0.8172 
20 0.8797 70 0.8491 110 0.8026 
30 0.8750 80 0.8400 120 0.7840 
40 0.8700 
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Fic. 4.—Effect of gravity index on volume increase of neoprene compound in 
various oils. 


In Figure 4 the calculated gravity indices (Table I) are plotted against the 
same volume increase results as were used before. Figure 4 shows that there 
is a direct relation between percentage volume increase at the swelling equilibrium 
and the gravity indices of the oils. 

The specific gravity, refractive index (determined with an Abbé split prism 
refractometer at 20° C), and viscosity index (determined according to the 
method of Davis, Lapeyrouse, and Dean?) were also plotted against the same 
percentage volume increase results, but none of them showed any evident simple 
correlation with the volume increase. 

It is evident, therefore, that in specifying oils to be used for testing Neoprene 
compositions, it is necessary to specify the gravity index or the viscosity-gravity 
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constant in order to obtain samples of oils which will be duplicable in so far 
as their effects on the Neoprene compositions are concerned. In fact, if the 
gravity index of the oil or the viscosity gravity constant is known, it is possible 
to predict the equilibrium swelling of the Neoprene compound. Thus, as can 
be calculated from Figure 4, the equilibrium volume increase of the Neoprene 
Type G compound used in these tests at 100° C will be: 


V=117.0—0.9359 


where V=% volume increase of Neoprene compound at swelling equilibrium 
g=gravity index of oil 


A previous paper! showed that the swelling of Neoprene compositions in a 
given petroleum derivative depends on the dilution of the Neoprene by the 
other ingredients in the compound. In other words: 


V=NC 
where 
V=% volume increase 
N=9% Neoprene (by volume) 
C=a constant 


Consequently the relations established in this paper may be restated to include 
any Neoprene Type G composition when tested at 100° C, provided that softeners 
or other extractable materials are not present in the composition. When these 
materials are present in normal amounts, the equation will approximate the 
true results. It is implied that these relations refer only to compositions which 
are vulcanized in a basic compound, similar to the one described previously, 
to an optimum technical cure as judged by stress-strain data. The relations are: 


log V= (5.48a—3.723) log N and V= (1.460—0.0117g) N 


where V=% volume increase of Neoprene composition at swelling equilibrium 
N=% Neoprene (by volume) in the composition 
a= viscosity-gravity constant of oil 
g= gravity index of oil 


With commercial Neoprene vulcanizates, the maximum swelling may be fol- 
lowed by a shrinkage in volume, due to extraction of oily or waxy materials from 
the Neoprene compound by the oil under test. These materials are present 
in practically all commercial compounds, and are used for their softening and 
lubricating effect on the Neoprene during compounding and processing. Un- 
published results indicate that those oils having the greatest swelling effect on 
vuleanized Neoprene compounds are the most soluble in unvulcanized Neoprene, 
and consequently may be used in larger amounts during compounding without 
the appearance of an oil “bloom” on the vulcanized product. The time-swelling 
curves shown in Figure 1 may be used to calculate the amount of oil that is 
soluble in the Neoprene vulcanizate under test at 100° C. In the case of oil 
sample 10, the maximum volume increase caused by this oil is 13.8 per cent. 
If this particular oil is added to the unvuleanized Neoprene compound in an 
amount sufficient to increase the volume after vulcanization to 113.8 (when 
the volume of the compound without the oil is 100), then this new compound 
should show a zero swelling when immersed in this particular oil at 100° C. In 
other words, to obtain a zero swelling compound, it is necessary to add oil to 
the unvuleanized compound in an amount equal to the volume of the same 
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oil which the vuleanized compound would otherwise absorb during the swelling 
test or service life. On calculation it was found that the required amount of 
this particular oil was 11.96 by weight. Accordingly the following formula was 
compounded: 


Neoprene Type G........s0.e00s: 100 Phenyl-8-naphthylamine ........... 2 
Extra light calcined magnesia..... 4 Onl sample WO... ..0cccccecsccesecnes 12 
Semireinforcing carbon black...... Br INCOMING 55.65 co's.0's neg sorsie aes 5 


This compound was vuleanized and tested as described before; the volume 
increase results after immersion in oil sample 10 at 100° C were: 


Percentage volume increase 
in oil sample 10 





Time of Compound Compound 
immersion with without 
100° C, days oil oil 
Meng asiehar aa Ts aro oNOe IGS Ook forte Ne EEN 08 11.8 
Bisa Nes youth vata cas ot actacern Pon aciar teat ves arabe vat oleic adore le IRON 0.7 12.0 
ROP aCe Cine eee ah taCy eens amen eM tree ae 0.7 _- 
Me ee oes Clava k Ae ea oie arene eter eaten = 13.5 


Consequently it is possible to obtain a compound having practically no 
swelling in a particular oil at a particular temperature if the swelling of the 
base stock is carefully observed in the same oil at the same temperature. It 
should be noted that the compound shown above will show an oil bloom at 
room temperature, but this excess oil will become soluble in the Neoprene, and 
the bloom will disappear when the compound is raised to the chosen operating 
temperature (100° C). 

As mentioned previously, the compound used in this study is a test formula 
rather than a commercial formula. Because it carries a small amount of load- 
ing (carbon black), it shows greater swelling in the oils than would more heavily 
loaded commercial compounds. 


CONCLUSIONS 


Neoprene vulcanizates reach equilibria with respect to swelling or volume 
increase when immersed in lubricating oils. The time necessary to attain equi- 
librium depends on the temperature of the test and the chemical components 
of the oil. In any specification involving a volume increase test for Neoprene 
products, the time should be sufficiently long so that equilibrium is attained in 
the particular oil at the particular temperature under investigation. Further- 
more, to ensure duplicability of oil samples with respect to the swelling effects 
on Neoprene compositions, it is essential that the specification for the oil 
include a test designed to indicate the chemical characteristics of that oil. It 
has been shown that the gravity index or the viscosity-gravity constant may 
be used as such a test. 


ACKNOWLEDGMENT 


Acknowledgment is made of the helpful collaboration with A. B. Hoel of 
the Sun Oil Company, C. C. Morrison of the Gulf Oil Corporation, and M. A. 
Dewey and J. R. Sabina of the Petroleum Chemicals Testing Laboratory, E. I. 
du Pont de Nemours & Company, Inc. 








204 RUBBER CHEMISTRY AND TECHNOLOGY 


REFERENCES 


1 Catton and Fraser, Ind. Eng. Chem. 81, 956 (1939). 

2 Davis, Lapeyrouse and Dean, Oil Gas J. 30, 92 (1982). 
3 Hill and Coates, Ind. Eng. Chem. 20, 641 (1928). 
*McCluer and Fenske, Ind. Eng. Chem. 24, 1371 (19382). 
* Rossini, Oil Gas J. 36, 193 (1937). 


II. EFFECT OF LUBRICATING AND HYDRAULIC OILS * 


In the foregoing paper it was pointed out that the viscosity-gravity constant 
of a lubricating oil can be used as a criterion of the swelling effect of the oil 
on Neoprene vulcanizates. Since that time it has been demonstrated* that 
the aniline point of the oil also can be used for this purpose. The scope of 
the work now reported is concerned with the relative merits of the aniline 
point and the viscosity-gravity constant as criteria of the swelling effect of 
several classes of petroleum-derived oils. 

The Neoprene compound used in this investigation was the same as that 
described in the previous paper, namely: 


PRNNTED SEM D WG Us. wiescce Gis eo SoG wiew Beso Ge sek saukGeasaine 100 
UAas PRRIERAD AASPARICREREND PRNAPILEROISID © 1 wicca wisn e's se ie a ei oS eso 909059 4 
Semireénforcing carbon black (Gastex)............ cece eee eee 28.8 
amSEEa Wa OSIRIA T STILE AMNIDERDE ic msininig ws Sw ws wie le Bw Wiale W's Slat 9:6 swle's 2 
MIREIR ee nacido nig awe ce Ea Sea bs RSI SU WE SUNS RAE 5 


Samples of this composition for the volume increase test were prepared as 
previously described. The physical inspection data for the oils used in the in- 
investigation are shown in Table I. Oil samples Nos. 1 to 14 are commercial 
automotive lubricating oils and are, with the exception of the last one, the 
oils described and used in the previous work. Oil samples, Nos. 15 to 17, are 
spindle oils. In reality oil sample No. 17 is an ice machine oil but, for sake 
of convenience, it is classed as a spindle oil. 

Oil samples Nos. 18 to 23 are classed as process oils, since they are sold to 
the rubber industry to assist in plasticizing and processing rubber and synthetic 
rubber-like materials. Samples Nos. 22 and 23 are highly refined “water-white” 
process oils; the latter is sold also as a pharmaceutical mineral oil. Oil samples 
Nos. 24 to 29 are used for lubricating the journal boxes of railroad equipment. 
In some cases the color is too dark to permit the determination of the aniline 
point. The remaining oils are high viscosity index hydraulic oils. These contain 
small amounts of polyisobutylene in order to maintain a high viscosity index. 
Sample Nos. 30, 30A and 30B have been compounded with the same amount of 
polybutene, but the base oils were selected as medium, high and low viscosity- 
gravity constant oils, respectively. Oil samples Nos. 30C and 30D contain 
the same base oil as No. 30, but contain, respectively, one-half and twice as 
much polybutene. 

The viscosity-gravity constants were calculated by the method of Hill and 
Coats? according to the equation: 

_ 10G—1.0752 log (V—38) 
10—log (V—38) 
where a= viscosity-gravity constant 
G=specific gravity at 60° F 
V=Saybolt Universal viscosity at 100° F (sec.). 





* Presented before the Division of Rubber Chemistry at the one-hundredth meeting of the American 
Chemical Society, Detroit, Michigan, September 13, 1940. 
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The viscosity-gravity constant may also be determined from the nomograph, 
shown in Figure 1, using the Saybolt Universal viscosity either at 100° or 210° F. 


TABLE [ 


Summary oF Data For OILS 


Saybolt 
universal 
viscosity, 


s = seconds 
A 6 aA DA (Sa > >> = 
& S Hee ete m & gy FE8 Bee 
2 z af> $45 & & 83 888 3." 
7 eB a8 GM & : = eee ge 
1 Automotive lubricating ...... 21.5 0.9249 2232 448 508 0.8806 165.5 
2 Automotive lubricating ...... 26.5 0.8955 221.1 464 778 0.8480 194.0 
3 Automotive lubricating ...... 26.9 0.8933 235.5 47.7 854 0.8390 202.0 
4 Automotive lubricating ...... 23.8 0.9112 324.7 50.7 678 0.8576 . 
5 Automotive lubricating ...... 30.8 0.8719 362.5 57.0 103.7 0.8035 225.0 
6 Automotive lubricating ...... 29.0 0.8816 267.4 51.0 1023 0.8217 219.5 
7 Automotive lubricating ...... 292 0.8805 263.7 52.8 1176 0.8206 218.0 
8 Automotive lubricating ...... 29.6 0.8784 359.9 572 105.7 0.8123 230.0 
9 Automotive lubricating ...... 28.9 0.8822 3343 54.7 100.0 0.8185 222.0 
10 Automotive lubricating ...... 31.2 0.8697 391.7 60.0 109.5 0.7993 244.0 
11 Automotive lubricating ...... 220 0.9218 7644 63.1 32.0 0.8600 186.0 
12 Automotive lubricating ...... 26.9 0.8933 672.5 726 935 0.8219 2280 
13. Automotive lubricating ...... 17.3 0.9510 1631.0 77.4 0.0 0.8925 . 
14 Automotive lubricating ...... 218 0.9230 303.0 49.1 582 0.8740 174.0 
15 Spindle (water white)........ 30.7 0.8724 54.7 338 649 0.8441 180.0 
16 Spindle (water white)........ 30.1 0.8757 1515 428 87.5 0.8239 209.0 
17. Spindle (water white)........ 25.2 0.9030 93.4 374 323 0.8662 162.5 
MW) MENGOGES ihc stasis sro dow are oate 21.8 0.9230 1556 40.7 —9.7 0.8828 159.0 
BS) RR OCGRS accicss nerds hae bee a osiers 25.3 0.9025 113.7 389 23.0 0.8622 166.0 
BOY MRROCOSA. a .s.cumaeeenoeuee wuss om 32.6 0.8622 634 355 93.6 0.8273 190.0 
7 age CE ae 242 0.9088 227.3 460 645 0.8594 202.0 
22 Process (water white)........ 26.3 0.8967 151.0 415 416 0.8504 191.5 
23 +=Process (water white)........ 289 0.8821 219.0 463 782 0.8256 222.0 
OS War IOUMBAN 6655.6 aie ose cones 21.7 0.9237 301.9 494 636 0.8748 . 
Bh MEAP IGINDR 60k cscs ca < ccs 259 0.8990 441.7 566 738 0.8371 . 
BB: War FOUna gd: oasis. cies wisiosore 22.0 0.9218 5161 568 50.0 0.8656 186.0 
Be MER AUNTION 6 ace sicos e418 4 ds eres 20.3 0.9322 1098.3 769 51.4 0.8700 P 
7 ee OO chy cc) 28.0 0.8871 511.0 66.2 1049 0.8181 230.0 
OO) Car 1GuRO RN is cores cccccsscaw 243 0.9083 1726 428 514 0.8630 3 
30 High VI hydraulic oil........ 32.5 08628 93.9 403 151.0 0.8187 194.0 
380A High VI hydraulic oil........ 31.2 08697 979 40.7 149.0 0.8249 186.0 
30B High VI hydraulic oil........ 34.1 0.8545 95.2 40.7 157.0 0.8052 209.0 
30C High VI hydraulic oil........ 32.6 0.8623 71.1 368 112.0 0.8241 189.0 
30D High VI hydraulic oil........ 32.2 0.8644 1556 48.7 155.0 0.8089 193.0 
31 High VI hydraulic oil........ 30.9 0.8713 93.7 394 149.0 0.8279 202.0 
32 High VI hydraulic oil........ 309 0.8713 187.4 505 143.0 0.8143 190.0 


« Not determined. 
» Sample too dark for determination. 


The aniline point of an oil is the critical solution temperature of a mixture 
of the oil and an equal volume of aniline. The aniline points of the oils were 
determined by the modified du Pont method as follows. 

Five cc. of the sample and an equal volume of aniline are transferred by 
means of a pipette to a 6X1 inch test tube. The mixture is warmed and 
shaken until a clear homogeneous solution is obtained. Into the test tube, by 
means of a loose fitting cork, is inserted a suitable thermometer. The test 
tube and contents are slowly cooled, with shaking, until traces of a cloud or 
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separation begin to appear. With vigorous shaking, the rate of cooling is de- 
creased, and the temperature is noted at which the first permanent cloud is 
obtained. The test tube and contents are now slowly warmed, and the tempera- 
ture is noted at which the cloud disappears. If the two temperature readings 
agree within a half degree, the temperature at which the permanent cloud ap- 
pears is taken as the aniline point. 














2. nn 0° V/SCOSITY -GRAVITY _50 
] 960, CHART ‘ 
: 4 4 
; ; t_ 60 
60) 7 F 
j 9203 ws q 
3 ~ {960 ; 70 
j <3 
900 3 3 
724 ee - 
ia $ seo] 940 < 
4 : - is SQ £90 
82: re x 1 Le 20 S Ff 
qk ws — 
3 S 8601 — kK 
oa OG 7 < F 
: 3 h S20 420 
4 re ._ 7 a 
1004 > w one] x P 
is > 7K 2 [rs0 
jae] © s20i S$ J Ss _E 
ea NS & j ¢ 90 SFE 
3 “a 70 ~ F200 
1 3 ae Fy rn: 
oo 9 S 80 a @ e%° 
toc a oo S > bee 
; > 4 < 
202 3 760 q 
E 860 }400 
25 7403 35 E 500 
> 
~~ eso #00 
; B00 
3 40 a 
4003 820 | 1000 








Fig. 1. 


The aniline used is of A.R. quality, and should be water-free and freshly dis- 
tilled. Old aniline has been found to cause errors up to 4° F. 

Special care must be taken when determining the aniline point of brake oils 
containing polybutene. As the mixture of oil and aniline is cooled, the tempera- 
ture at which a cloud first appears is not a true aniline point but probably 
that of the polyisobutylene. As the temperature is further lowered, another 
point is reached where a heavier cloud appears and distinct separation is ap- 
parent. This lower temperature is considered the aniline point of the blend, 
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and has been found to closely approximate that of the base stock. The existence 
of the pseudo-aniline point has been recognized by Carman and his coworkers’. 
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Table II shows the first cloud point and the true aniline point of the hydraulic 
oils used in this investigation. 

Samples of the vulcanizate were immersed in the various oils at 100° C and 
the volume increase determined as previously described after immersion periods 
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of 1, 2,7 and 14 days. The time-swelling curves of the vulcanizate in the various 
oils are shown in Figure 2. (The curves for oil samples Nos. 1 to 13 are shown 
in Figure 1 of the previous paper.) 
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In Figure 3 the viscosity-gravity constants of the oils are plotted against 
the logarithm of the percentage volume increase of the Neoprene vulcanizate 
after immersion in the oils for 14 days at 100° C. This time period was chosen 
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so that the oil-Neoprene systems were at or had almost attained equilibria. This 
figure shows that, with the exception of the hydraulic oils and some of the 
process oils, a straight-line relation exists between the logarithm of the per- 
centage volume increase of the vulcanizate and the viscosity-gravity constant 
of the oil. 
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Fig 4. 


In Figure 4 the logarithm of the percentage volume increase figures is plotted 
against the aniline point, and a straight line relation is obtained. The aniline 
point evidently predicts the swelling effect of the hydraulic oils better than 
the viscosity-gravity constant but, with the exception of this class of oils, the 
accuracy by either method is of the same order. 

The viscosity-gravity constant is calculated from constants, the determination 
of which involves the use of specialized and expensive apparatus, while the 
aniline point may be determined with conventional laboratory equipment. This 
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factor would favor the widespread use of the aniline point as a criterion of 
swelling effect of various petroleum-derived oils. 

The vulcanizate used in this work was a lightly loaded test compound. Com- 
mercial compositions generally contain larger amounts of diluents and some 
extractable oils or waxes. Such compositions would not swell to the same extent 
as the test composition used and, because of the oil content, might show a 
tendency after maximum swelling had been reached to actually decrease in 
volume due to extraction of the softeners. 


CONCLUSIONS 


The aniline point and the viscosity-gravity constant of petroleum derived 
oils may be used as criteria of the swelling effect of the oils on Neoprene vul- 
canizates. One or other of the constants should be used to describe or identify 
any oil to be used as a testing medium in swelling tests forming part of control 
or purchase specifications for Neoprene fabricated parts. Such a step will 
insure comparable results between different laboratories, and will enable samples 
of oils to be duplicated insofar as their swelling action is concerned. The aniline 
point and the viscosity-gravity constant are equally reliable, except in the case 
of high viscosity index hydraulic oils (containing polybutene), where the aniline 
point is preferred. The dark color of some oils may dictate the use of the 
viscosity-gravity constant. Other things being equal, the aniline point is pre- 
ferred because of the ease of determination and lack of specialized apparatus. 
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The primary interest of the automotive and of the rubber industry in so-called 
synthetic rubbers is to obtain products which will stand up under service con- 
ditions in which present rubber compounds either do not perform satisfactorily 
over their entire expected life, or are approaching their limit; or because of 
these factors, are limiting automotive engineering development. In addition, the 
last few months have seen a trend of thinking toward a nationalistic program 
of at least partial self-sufficiency, in case of emergency, or a possibility of the 
limitation of the poundages of crude rubber available to us at an economic price. 
The subject “The Use of Synthetic Rubber in the Automotive Industry” is 
consequently being considered in the light of both viewpoints. 

Activity in the field of synthetic rubbers as far as laboratories in this country 
are concerned has increased considerably over the last three years, and it is 
quite likely that the data and viewpoints herein presented on present polymers 
may very well be obsolete within a matter of months, and certainly within a 
year or two, with the appearance of new polymers and modifications of present 
ones. The object of this paper is consequently to summarize the present state of 
affairs regarding materials now available. 

The literature on synthetic rubbers is abundant as to the preparation of the 
various kinds and varieties, their compounding, and the characteristics of fabri- 
cated products. A very excellent and interesting summary is that by Wood!. 

From a general viewpoint, the article entitled “Synthetic Rubber” in the 
August issue of Fortune is very much to the point. The characteristics of Neoprene 
are well known. Those of the butadiene types have been described in several 
articles by Stocklin? and by Koch‘. 

Similarly other products have been described. Anderson? and Garner and 
Westhead’ have given some comparative data on Neoprene and Buna types. In 
view of these articles, the present paper appears superfluous. It has been pointed 
out by Wood, however, that it would be desirable to have additional confirming 
data on a comparable basis on the materials now available. It has been with 
the hope of supplying such data, at least in part, and particularly as applied to 
usage of synthetic rubbers in the automotive field, that the authors continued 
with the preparation of this paper. 


RUBBERLIKE SYNTHETICS 
The rubberlike synthetics available today to the fabricator of rubber products 
are polymers of chloroprene (Neoprene) or butadiene (Buna type). In addition 
there are available groups of materials designated by Fisher as Elastolenes, 
Elastothiomers and Elastoplastics. In these groups are found such products as 
8 
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organic polysulfide polymers (Thiokol), polybutenes (Vistanex), and plasticized 
Vinylites such as Koroseal. 

The materials in these classes are, in general, too thermoplastic to meet the 
demands of a large proportion of automotive parts. In addition they lack the 
snap or rebound characteristics required of parts used under appreciable 
mechanical action. Plasticized Vinylites have characteristics, such as chemical 
inertness, which make them much more desirable than rubber or rubberlike 
synthetics for certain uses where flexibility is required but high elasticity is not 
essential. Vistanex has displaced rubber in the compounding of certain products, 
and may find a place in the compounding of rubber products. Of this group, 
Thiokol alone is apparently vulcanizable, and will be considered further. 

The Neoprene and Buna type synthetics have been referred to as polymers of 
chloroprene and of butadiene. There undoubtedly is an extremely wide range of 
products producible from these basic materials. Consequently the terms Neo- 
prene and Buna must not be considered as representing single products with 
unalterable properties. There have been several of each of these different polymers 
available, and undoubtedly others will appear. 

Buna §, which is today being used in Germany in tires, is a copolymer of buta- 
diene with styrene. Buna N is the oil-resistant Buna and is a copolymer with 
acrylonitrile. The mass polymers, such as Buna 85 and 115, are, according to 
recent articles, being given up in Germany, and consequently will not be con- 
sidered further. They are reported to be definitely inferior to the copolymers 
for most purposes. ; 

More recently Ameripol and Chemigum have been announced as _ being 
butadiene polymers or copolymers. As far as the writers are aware, no technical 
information as to their characteristics has yet been released. 

It is again emphasized that considerable variation in the properties of any 
one of these materials is possible. For instance, the characteristics of the 
copolymers of butadiene with styrene, which the Germans call Buna §S, and which 
contain definite and constant proportions of each constituent, can be varied 
considerably, depending on how polymerization is carried out and what materials 
are used to bring about polymerization. If, in addition to these variables, a change 
in ratio of the two main constituents is introduced, it can be readily appreciated 
that such terms as Buna must refer to a class of products rather than to one 
definite material. With these thoughts in mind, reference throughout this paper 
to Buna S and Buna N types will mean copolymers of composition and char- 
acteristics similar to those of the German materials, as they appeared on the 
American or European market. These two are being considered, as they have a 
background of considerable usage. 

It might also be pointed out that the future holds forth a much broader 
outlook of additional copolymers based on butadiene. However, experience has 
indicated that underlying the whole group are certain more-or-less basic char- 
acteristics, which are still apparent even with change in the material or materials 
copolymerized with the butadiene. Consequently it is likely that the materials 
available today are indicative, to a certain extent at least, of some of the 
characteristics of those butadiene synthetic rubbers which undoubtedly will from 
time to time appear. It is probable that the same situation may exist regarding 
Neoprenes. 

One additional synthetic, Butyl Rubber, was recently announced. The com- 
position and method of preparation of this product are apparently quite different 
from that of the Neoprene and Buna types. The rubber industry awaits with 
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interest further information as to the physical properties and processing char- 
acteristics of Butyl Rubber. 

Consequently, the materials which will be compared are Neoprene, Buna N 
type, Buna S type, and, to a limited extent, Tiokol. 

In making any such comparison, it must be emphasized that there is no true 
synthetic rubber; that each synthetic material differs from rubber and from 
every other synthetic material; that each has its advantages and disadvantages; 
and that, consequently, each will find products and places where it will stand up 
to best advantage in service, just as, in the accelerator field, there is no one 
material that is best in all types of stocks and uses of products. 

There is one other thought that must be kept constantly in mind in discussing 
the physical properties of synthetic rubbers. This is the fact that laboratory 
evaluation tests for rubber have been built up over a period of years for the 
purpose of judging the value of a wide variety of rubber products. While the 
industry feels reasonably confident of its ability to judge and develop rubber 
products on the basis of such tests, it nevertheless resorts to service tests in the 
final analysis. When a change from rubber to synthetic rubber is made, it is not 
surprising that opinions regarding the relative importance of several laboratory 
tests may need to be modified, and the necessity of service tests may become even 
greater than in the case of rubber. 


COMPOUNDING FORMULAS 


In making a comparison of different polymers, the first problem is that of 
selecting the basis of formulation. The Buna type products compounded with 
necessary curing ingredients, but without reinforcing pigments, have low tensile 
strengths—of the order of 1000 lbs. per sq. inch. Carbon black exerts a much 
more pronounced reinforcing action than in rubber. However, zinc oxide does not 
show nearly as great a reinforcing effect as in the case of rubber. Consequently 
some channel black must be used with the Buna types if the best characteristics, 
at least as to tensile strength, are to be brought out. On the other hand, Neoprene 
shows high tensile strength in gum-type formulas, and does not appear to give 
the tensile strength improvement expected from the compounding of a reinforcing 
pigment when carbon black is included. 

The logical approach would be to compound each material so as to give the 
most serviceable product. Requirements from product to product vary so much, 
however, that such a basis would lead to specific rather than to general con- 
clusions, and also would involve the presentation of too many data to be ade- 
quately discussed in a relatively brief paper. Furthermore many automotive 
parts are specified in terms of Durometer hardness. To meet such a specification 
with different polymers would require marked differences in compounding from 
polymer to polymer. In view of this situation, the physical properties of three 
formulations will be reviewed briefly—a tread type, a moderately hard motor 
support type, and a moderately soft motor support type. This makes possible 
the setting up of the compounds on a basis of comparable pigmentation. Swell- 
ing tests using this basis of compounding can be interpreted in terms of the 
characteristics of the base polymer. Compression-set tests probably can be 
extrapolated to stocks of comparable hardness. It must be taken into 
consideration in reviewing a group of properties on such a basis that the best 
properties obtainable with any one of the polymers, including rubber, are not 
brought out. The selection of curing ingredients, softeners, etc., must be such as to 
strike a mean of such properties as permanent set, efficiency, oil-resistance, etc. 
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The formulas used are shown in Table I. The ratio of the volume of pigment 
to polymer was maintained constant in each of the two series of motor support 
stocks. In the case of tread formulas this was not the case, since laboratory 
tests indicated that slightly higher ratios of carbon black to polymer were 
desirable in the Buna type compounds. It is quite possible that more extensive 
service tests now in progress may alter this opinion. 

Curing and softening ingredients for Neoprene were selected as a compromise 
between efficiency and permanent set. The Buna N type formula is undoubtedly 


TABLE I 
BasE ForMULAS 
Buna N Buna § 

Rubber Neoprene type type Thiokol 
ROMRINER 54 soln ne 100 100 100 100 100 
CILLA eee 3 — 2 2 — 
OSE 5 5 5 5 8 
BABONBRD . .cwicnssaeas — 4 — — — 
Stearic acid .......... 3 0.5 2 2 0.5 
(EARS. ee ara 2 4 3 3 ~~ 
BURUE GeS occ ic dns aw = 0.5 — — —_ 
Antioxidant .......... 1 1 — — 
(OY ANS are oe 1 — 1 — — 
LE Ee ee eee — — - — 0.15 
BaMGOCUTE ...<..nucee — — — 1 — 


MODERATELY HARD MOTOR SUPPORT 


Carbon black ........ 30 22.5 29 29 — 
1) ct aS Sn en nee 45 33.5 43.5 43.5 — 


MODERATELY SOFT MOTOR SUPPORT 


Carbon black ........ 15 11.2 14.5 14.5 — 
Lh ES ee era 20 15 19.4 19.4 — 


TREAD STOCKS 
Carbon black ........ 50 37 50 55 — 


not commercial with this low amount of softener. Some data will also be pre- 
sented on one Buna N compound in which sufficient additional softener has been 
added to make it commercial. It was considered that information on this 
polymer on an entirely comparable basis might be of interest. Buna S type 
has been compounded by following mainly the recommendations of the original 
producers. An effort has been made in all cases to keep the softener content 
somewhat comparable in the different polymers. In the tests in which Thiokol 
is brought into the comparison, a volume of pigment comparable to the remainder 
of the stocks is included. 


TENSILE STRENGTH 


The tensile strength of tread type compounds is given in Table II, along with 
the 400 per cent modulus and elongation at break. It will be noted that all 
the synthetic rubbers have lower tensile strengths than those of rubber in these 
formulas. The values given are representative of those producible in normal 
factory practice rather than those obtainable under optimum milling conditions 
in the laboratory. 
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It might be of interest to point out that, in the case of the Buna N type 
products, a tensile strength of nearly 5000 lbs. per sq. inch can be obtained in 
the laboratory, if due precautions are taken in handling. This is not too sur- 
prising when the importance of carbon black to full development of tensile 
strength is considered. As has been pointed out in previous literature, thorough 
breakdown of the polymer and slow addition of black, together with strenuous 
refining, give definitely improved strength and breaking elongation, compared to 


those produced by the standard methods of milling rubber. 


TaB.eE II 
TENSILE STRENGTH 


(Lbs. per sq. in.) 


Hard motor Soft motor 
Tread stock support support 

CULELL CES RR oe oe Oe ts 4400 3500 3900 
UNE TON NSS 0, CI ARP SOC? AOE MEE POA Fe 3800 2675 3200 
PONtNA EN HINO Ss <5 Sig on chs aero OS a alae 3600 3050 2200 
PDR, GS) GDC ess cass saws dee canes 3300 2200 2100 

400 PER CENT MODULUS—ELONGATION—HARDNESS 

Per- 

Modulus Modulus Modulus ounines 

lbs. per Elonga- lbs. per Elonga- MHard- lbs. per elonga- Hard- 

sq. in, tion sq. in. tion ness * sq. in. tion ness * 
BUGDEr 6 iscsi ss 2100 600 2175 600 64 1400 650 45 
INCOPTENE ...66606 2700 550 1675 500 65 1250 740 53 
Buna N type..... 1500 580 3050 400 70 2100 410 60 
Buna S type..... 1500 600 2000 430 67 1950 430 53 


* Shore A Durometer. 


It might also be of interest to point out that the amount of softener in the 
Buna N type polymer can be increased to 20 per cent on the rubber, with only 
a minor loss in tensile strength and little change in elongation. 

In a similar manner, tensile strengths of the order of 4000-4200 lbs. per sq. inch 
can be obtained with Buna 8 type. However, the usual factory methods of 
handling, even with considerable refining, do not produce these values. 

It is noted that, in going from high channel black tread stocks to low channel 
black (P-33) stocks, the tensile strengths of the Buna type compounds decrease. 
This again indicates the importance of channed black in developing the maximum 
tensile strength of this type of product. 


AGING 


The synthetics as a class are less susceptible to oxidation or aging than natural 
rubber. Table III shows results of an oxygen-bomb test, which substantiate 
the many claims already appearing in the literature. For convenience and com- 
parison, the data on Geer oven aging published by Garner and Westhead are 
also included, as well as those of an air bomb test. In the case of Neoprene, 
Buna N type, and Thiokol, the change over this period is negligible. Buna § 
shows susceptibility to oxidation, but to a much less extent than natural rubber. 
In the air bomb test all the synthetics appear superior to rubber from an aging 
standpoint. 
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Tas_e III 
ACCELERATED AGING 


PERCENTAGE CHANGE IN TENSILE STRENGTH 


Oxygen bomb Geer oven * Air bomb t 

(46 hours) (30 days) (12 hours) 
PRR oie G oy sets nt euta — 32 (— 40) — 82 
NPIS oo. ccaeecn keno 0 — 4 — 2 
PIRATIN EVIE. c5chss sess — 2 — 2 — 18 
BSN TS LDC. <6 00 vciews —14 — 0 
J LUDO LE seg Sec — 9 —12 


* Garner and Westhead. 
t 125° C—80 lbs. per sq. in. air pressure. 


COMPRESSION-SET 

Compression-set tests were carried out according to the proposed Method B 
(constant deflection) as outlined by the A.S.T.M. For comparison, a few results 
following A.S.T.M. Method A (constant load) are included®. As pointed out 
previously, stocks were not compounded to give equal hardnesses, but two stocks 
of different hardnesses of each polymer are included so that, by extrapolation, 
indications on a comparable hardness basis are obtainable. Results are recorded 
in Table IV. It is noted that Neoprene shows a higher compression-set than 
rubber. Compounding changes can undoubtedly be made to improve this 


TABLE IV 
CoMPRESSION-SET 


(Percentage) 


Proposed 


method Method 
Hardness B A 

EE cov cobinianeeieekueete 64 28.0 19.6 
45 24.6 —- 

PRIRONOS orcas hehe newest ees ien 65 42.9 28.6 
51 46.3 — 

pe (0 0 ce Ur 70 (1) 21.8 12.6 
EB) dathcnsckeulemean 75 (1) 378 —— 

AG eens erences 71 (1) 13.7 9.2 
60 (2) 20.1 — 

ASA SO MMNIOD 6 cis ck Asien sense 67 34.3 22.8 
53 32.0 — 


characteristic. An experimental Neoprene, in a similar test, compounded accord- 
ing to du Pont recommendations, gave a compression-set figure only 4 percentage 
points higher than rubber. It should again be emphasized that these particular 
compounds have not been formulated to give the lowest compression-set obtain- 
able. In the case of Buna N type, three stocks are included, owing to the wide 
variation of results obtained on them. The first (A) is representative of a 
moderately satisfactory mix, using the formula containing high pigment loading. 
The second (B) is a poorly mixed stock, and shows much higher compression-set 
than the (A) stock although the formulation is identical. The third stock of 
this group (C) contains 20 per cent of softener in excess of that in (A) and (B), 
the pigmentation being otherwise identical. The effect of certain softeners on 
lowering the compression-set of synthetic rubbers has been noted in other cases. 
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While this effect appears highly desirable, the modification of efficiency and other 
properties important in stocks undergoing mechanical action is in general 
adverse. Buna S shows somewhat greater compression-set than rubber in this 
test, whereas the opposite is true of Buna N. 


SWELLING EXPERIMENTS 


One of the major uses for synthetic rubber in the past has been in the fabrica- 
tion of parts to be used in contact with oil or gasoline. Table V gives the results 
of comparative tests in high-test gasoline, benzene, SAE-30 oil (Oil No. 1— 
paraffin base; Oil No. 2—naphthenic base) and water. The results recorded 
are for a 7-day test period in all cases. Data for the complete curves were 
obtained over a 28-day swelling period, but because the relative swelling values 
remained nearly constant, the 7-day results gave all the essential information. 
The test was carried out at 25° C with gasoline and benzene, and at 70° C with 
the other liquids. The dimensions of the sample and general method were those 
prescribed by the A.S.T.M., except as noted above. 

The results are essentially the same as those reported previously in the litera- 
ture. Thiokol is apparently the most resistant to gasoline, benzene and oil. 
Buna N type is somewhat more resistant to gasoline and oil than Neoprene GN. 


TABLE V 


PERCENTAGE INCREASE IN VOLUME (7 Days) 


Gasoline Benzene Oil No. 1 Oil No. 2 Water 
Rube osc ccecsss 133 176 96 141 St 
Neoprene ......... 29 172 10 22 21 
ULC at 16 167 12 yA 4 25 
OMNIS SOD 0556 dss sa sraseisve 86 198 51 81 19 
AMNGHON 6 o-v0e:00s0 1.2 89 0 0 12 


The Neoprene I polymer is apparently a definite improvement over the GN 
polymer in swelling resistance. An experimental Buna N type is included to 
show that some modification in the oil-resistance properties of this type can 
also be made. Perbunan Extra, containing a higher percentage of acrylonitrile 
in the polymer than Buna N, will swell approximately 65 per cent as much as 
Buna N under similar conditions. The resistance to swelling in water of the 
Buna types, rubber, and the experimental Neoprene are about equal in these tests. 
Buna N and Neoprene I polymers offer a definite improvement over materials 
heretofore available. 

In previous articles, considerable has been written to indicate that the flex- 
cracking resistance of synthetic rubbers is definitely better than that of rubber. 
This has been found to be the case when proper pigment dispersion has taken 
place during milling of the stock. However, if pigments are not properly dis- 
persed, then the reverse is found. As dispersion of carbon black in Buna type 
rubbers is difficult, care must be taken or flex-cracking is likely to be a definite 
problem. This does not appear to be the case with Neoprene. 

In some automotive mechanical goods, adhesion of stock to metal is necessary. 
Several methods have been described for both the Neoprene and Buna types. 
Others have been worked out in various laboratories, not only with respect to 
brass and steel, but to various other metals. While adhesion appears satisfactory 
by A.S.T.M. adhesion tests in the laboratory, fabricated parts will have to be 
put through rigorous dynamic tests before any of these methods can be con- 
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sidered as satisfactory as the adhesion of rubber to brass. Furthermore, some 
production experience should be acquired to ensure maintaining satisfactory 
adhesion under production conditions before any of these methods are considered 
acceptable. 

The efficiency of rubber stocks is of importance when the fabricated part is to 
be subjected to considerable mechanical action in service. There are objections 
to all our present methods of measuring this property, and different methods 
do not give comparable relationships between the stocks from different polymers. 
As a result of pendulum or ball-rebound tests, as well as data obtained from 
the Firestone Flexometer, the conclusion is drawn that rubber has the lowest 
hysteresis of this group of materials, that Neoprene GN is next, and that Buna 
types have the highest hysteresis. In severe service the Buna types will conse- 
quently generate the most heat, and rubber the last. Flexometer tests, under con- 
ditions of high load (which was held constant) and severe deflection, showed 
rubber to have a blowout time of 24 minutes, compared to 36 minutes for 
Neoprene, 24 minutes for Buna N, and 15 minutes for Buna S. Considering 
these data in the light of hysteresis, the conclusion is drawn that all these 
products stand up better under heat than does rubber. This is in accord with 
the results of air-bomb aging tests. 

Consequently, if a part such as a motor support were to be used in a location 
where high external heat predominated and the load was sufficiently low so that 
only a small increment of temperature above the external temperature was 
produced by mechanical action, then any of these synthetic rubbers would be 
expected to fulfill requirements, with less change in physical properties than 
rubber over the period of usage. On the other hand, if the temperature of the 
product depends on the heat produced by the mechanical action of the product 
itself, then the choice of material must depend on the severity of the heat 
condition. 

There have been indications of a move toward higher underhood temperatures 
in automobiles. Possibly the better heat resistance of synthetic rubbers may be 
of interest to the automotive engineer from this standpoint. If better oil resistance 
is needed, the engineer may find that the Buna N polymer gives an improved 
product, particularly where low compression-set is also an important factor. 
If compression-set is of secondary importance, then one of the newer type 
Neoprenes may be satisfactory. If, in addition, temperatures are high and the 
efficiency of the stock is an important factor, then Neoprene will be found more 
satisfactory. If compression-set is not a factor, then Thiokol, particularly if 
supported, may be the most desirable. 

From the national emergency viewpoint, answers to all the problems of 
replacement of rubber by one of the Buna types or Neoprene polymers have 
not yet been worked out in the field of automotive mechanical goods, but sufficient 
information is at hand to justify the opinion that they could be worked out 
quickly if necessary. 

TIRES 


In view of the prominent place in newspaper publicity devoted to synthetic 
rubber during the past few months, a few general observations regarding the 
use of synthetic rubbers in tires may be pertinent. Various companies in the 
rubber industry have carried out more-or-less extensive tests to determine 
the possibilities and problems involved in the use of synthetic rubbers. The 
conclusions of the Firestone Tire & Rubber Company on passenger car tires, 
from tests carried out so far, may be of interest. On test cars, Buna § has given 
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wear equivalent to that of the best rubber treads. Under best conditions of 
both compounding and service, Buna N has proved somewhat better than Buna 8. 
However, the use of Buna N type synthetic rubber in tires, without modification 
or the addition of rubber or excessive percentages of softener, is hopeless, owing 
to processing and fabrication problems. Likewise Neoprene has been found to 
give results equal to those produced from rubber. 

A few tires in general service for a period of over a year and a half have 
substantiated the conclusions of road tests regarding the Buna types. It is 
recognized that, while one tread stock may give definitely improved results on 
fast, hot service, it may not show as great an advantage on the car of the con- 
servative driver. This is likely to be more noticeable in comparing synthetic 
rubbers with rubber than in comparing one rubber stock with another rubber 
stock. Consequently, the real answer regarding any of these products, or those 
to come, will be derived only from the testing of a relatively large number of tires 
on cars driven under conditions representative of those of the great majority 
of cars in use today. The opinion can be given safely that, in case of emergency, 
we shall not be seriously handicapped from the standpoint of quality by the 
introduction of these synthetic rubbers in passenger car tires. 

It should be brought out, however, that truck and bus tires of today are the 
result of years of highly specialized engineering, based on the characteristics of 
rubber. In this service, rubber and fabric are now being extended more nearly 
to their limits than is desirable. It is not nearly so certain that the situation could 
be handled as easily in this case as in that of the passenger car line. 

One of the major problems involved in a move to synthetic products on a large 
scale has been passed over very lightly in the more popular articles. This relates 
to processing. The statement often appears that synthetic rubbers process just 
like rubber on rubber machinery. On the contrary, each material is different 
from every other. In large scale production, either production would be slowed 
down appreciably, or certain equipment modifications would be required. In 
addition, factory personnel accustomed to running rubber stocks would need 
appreciable experience with the synthetic rubbers to make them run with as 
little technical supervision as is now necessary. 

The eventual course of using any or all of these synthetic rubbers in tires 
must depend on two factors. The first is the question as to whether a free 
market is to exist on crude rubber. This involves not only the future course of 
world events, but also any move that the government might see fit to undertake. 
The second important point, as with all such developments, is the economic 
considerations involved. Insufficiently large production of any of these products 
is at hand to predict accurately their eventual cost. Furthermore, the ever- 
changing situation of world economics, as well as production regulation, is such 
that the price of crude rubber itself, which must also be considered, is as difficult 
to predict as that of the synthetic rubbers. 

From the standpoint of the automotive engineer, the major problem that 
might be involved is that the use of synthetic rubbers may necessitate a change 
in tire weight and consequently unsprung weight, due to differences in the specific 
gravities of synthetic rubbers or to changes in pigmentation required, or their 
use may alter slightly the flexibility of the tire, and thereby influence its riding 
characteristics. 
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INTRODUCTION 


The problem of obtaining transparency in rubber compounds is not a new one. 
It is known that good grades of crude rubber are somewhat transparent, a phe- 
nomenon which is particularly evident when the crude rubber is carefully pressed 
out in thin sheets, with smooth surfaces to diminish surface scattering of light. 
This transparency of crude rubber can be maintained to a high degree in vul- 
canized sheets if care is taken to keep to a minimum any compounding ingredi- 
ents which are not soluble in the rubber. Thus, Jones? and Colton? were able 
to produce transparent sheets of vulcanized rubber by using minimum amounts 
of finely divided zine oxide in low sulfur compounds. 

If, however, larger quantities of zinc oxide are used, or the rubber is com- 
pounded with the usual fillers, transparency falls off very rapidly. This is caused 
by reflection and refraction of light by the particles of filler imbedded in the 
rubber. Since these effects are produced by light striking particles of different 
refractive indices, the fall in light transmission is affected markedly by the num- 
ber of particles present, and by the difference of the refractive indices of rubber 
and filler. With a large difference of refractive indices, effects of reflection and 
refraction will be pronounced and, consequently, the transmission of light will 
fall off very rapidly with increased quantities of filler. 

Conversely, if a material which possesses a refractive index the same or very 
nearly the same as that of rubber is used, these effects should be reduced to a 
minimum, and it will then be possible to maintain a high degree of light trans- 
mission, even with fairly high filler content. Following this reasoning, Tanaka® 
found that certain grades of Japanese magnesium carbonate possessed a refrac- 
tive index very near that of rubber and that, when used as fillers, they main- 
tained to a large extent the transparency of the unloaded rubber compound. Other 
grades of magnesium carbonate did not maintain the transparency. 

In an investigation of the causes of ‘the high transmission allowed by some 
grades of magnesium carbonate, Bixby and Hauser‘ found by x-ray analysis 
that carbonates which maintained the greatest light transmission were hydrated 
basic carbonates of the composition: 5MgO4CO,.cH,O. Those which did not 
maintain transparency had the composition of the normal carbonate, MgCOs,. 
Bixby and Hauser investigated light transmission curves of vuleanized rubber 
compounds, using eighteen Japanese and domestic samples of magnesium car- 
bonate, and found that the best Japanese varieties maintained transparency ap- 
proximately 25 per cent better than the best domestic samples, although the 
two materials showed identical x-ray patterns. Further investigation of the 
magnesium carbonates was necessary. 


* Presented before the Division of Rubber Chemistry at the one-hundredth meeting of the Ameri- 
can Chemical Society, Detroit, Michigan, September 13, 1940. 








RUBBER CHEMISTRY AND TECHNOLOGY 


tb 
te 
bo 


It was desired, in the present investigation, to confirm these x-ray results by 
chemical analysis, and also to examine the samples more closely to discover 
reasons for differences in transparency produced by samples giving the same 
x-ray pattern. 


PROCEDURE 


Chemical analyses were made of several of the most interesting of the samples 
previously studied by Bixby and Hauser*, and of two samples which appeared 
on the market after that investigation, and which, according to the manufac- 
turer’s claims, maintained high light transmission when compounded into rubber. 
The analyses were made to determine the amounts of the following constituents: 
carbon dioxide, silica, aluminum oxide, iron oxide, calcium oxide, magnesium 
oxide, and water. 

Carbon dioxide was determined by decomposing the sample with hydrochloric 
acid, absorbing the evolved carbon dioxide (after purification and drying) in 
ascarite, and noting the increase in weight. 

The solution from the foregoing treatment was evaporated to dryness, and 
baked to precipitate any silica, which was subsequently removed by dissolving 
the residue in hydrochloric acid and filtering. The silica was ignited and weighed. 

After oxidation of the iron with bromine, iron and aluminum were precipitated 
with ammonia, filtered from the solution, ignited to the oxides, and weighed. 

Calcium was precipitated from the filtrate by ammonium oxalate in ammoniacal 
solution, and separated as calcium oxalate by filtration. After reprecipitation to 
assure sharp separation from magnesium, it was dried with alcohol and ether, 
and weighed as CaC,0,.H,0. 

Magnesium was determined by precipitating with diammonium hydrogen phos- 
phate in ammoniacal solution. As in the calcium determination, this precipitate 
was reprecipitated to assure removal of adsorbed salts, after which it was dried 
with alcohol and ether, and weighed as MgNH,PO,.6H,O. Check analyses were 
also run by precipitating the magnesium with 8-hydroxyquinoline in ammoniacal 
solution, drying, and weighing as the magnesium salt. 

The water content of the carbonates was determined by heating a sample to 
a dull red heat (700° C) in a combustion tube, sweeping out the evolved water 
vapor in a stream of dry air, and absorbing it in Drierite. 

The value of the samples in producing a transparent rubber was established 
by mixing 25 parts by weight into a rubber base mixture, vulcanizing the com- 
pound in sheets of 0.065 inch thickness, and running light transmission curves 
on a Hardy spectrophotometer’. The base mix was composed of the following 
ingredients: 

RE ONIN 6 Cs ints cai Ge ie bes SS 100 
Sen tebe hect4cnonspasen nema 
Hexamethylenetetramine ........... 


1 

0 
Mercaptobenzothiazole ............. 0.5 

PaD IRM ee ae eke nckanenb eee 1 

1 


Samples were cured for 30 minutes under 25 Ibs. steam pressure. 
Microscopic examination was also carried out on these samples to note any 
important variations in size and shape of particles. 


RESULTS AND DISCUSSION 


The results of the chemical analyses are tabulated in Table I. It should be 
noted that all the samples, with the exception of No. 18, are singularly free of 
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impurities. It is interesting to observe that separation from calcium has been 
so complete in the preparation of these commercial samples. In No. 18 alone was 
any calcium detected, and here the quantity is only 0.23 per cent. Another point 
to note is the extremely low water content of No. 18, compared with the others. 
This sample is also the only one containing an appreciable quantity of silica. 
Table II shows the proportions of magnesium oxide, carbon dioxide and water 
in each sample. It clearly illustrates that high transmission of light is maintained 
only by a carbonate closely adhering to a 5MgO-4CO, ratio, a result which sub- 
stantiates the conclusions drawn from the x-ray data of Bixby and Hauser‘. It 


TABLE I 


ANALYSES OF SAMPLES 

















Sample No. 3 9 10 18 19 20 
Percentage by weight 

Constituent . —,, 
Regenerate wipheaheine 36.54 36.57 40.80 49.76 34.91 36.55 
Ne Ko oad tev Aten 0.00 0.08 0.31 2.06 0.12 0.19 
Fe.O; + AleOs ......... 0.06 0.08 0.04 0.07 0.02 0.07 
NOL weak Stew deems None None None 0.23 None None 
1 TSC a ee ene ae 42.18 41.45 42.10 46.64 40.77 41.72 
OC eo ee eae ee 20.79 21.40 13.53 0.75 20.90 21.18 
{LCC :) ener oren ee 99.57 99.58 96.78 * 99.51 96.72° 99.71 


NotE: These values are the results of several determinations of each item. 

® Qualitative microscopic analysis indicated the presence of some sodium in these samples, which 
probably accounts for the low totals. The analyses were run in the filtrates remaining after precipi- 
tion of magnesium with 8-hydroxyquinoline ™. The ammonium salts and excess 8-hydroxyquinoline 
were removed by sublimation before forming crystals of sodium zine uranyl acetate, which were 
identified microscopicaily 1, 


TABLE IT 
COMPOSITION OF CARBONATES 


Moles of 
on 





Per cen 

Sample No. “MgO CO. H.O # Pod 0 b 
NCTE 1 Ca oa a — — — 40 
IN yaaa tossing teste Goa Peoieiots waa 5.00 401 5.69 48 
DOE os ehncrieni en Saeueeswe snes 5.00 3.92 5.74 47 

Bisa ckan awa anaieeeotaawers 5.00 3.97 5.51 45 

ee ee re ee 5.00 4.04 5.78 36 
Be rkueark gras pans eae 5.00 4.44 3.60 12 
DS: editions Say ae aiewalenea <0 5.00 4.88 0.18 13 


®@ Result accurate to + 9.01. 
» Results accurate to 2 per cent of transmission value. 


is striking to observe that light transmission falls off rapidly as the carbon dioxide 
content goes above 4 molecules per 5 molecules of magnesium oxide. This is 
probably due to the fact that the material is composed of two different constitu- 
ents, one the 5MgO0.4CO,.cH,O material, which is productive of high light trans- 
mission; the other the normal carbonate, MgCO,, which is extremely detrimental 
to transparency, because of unfavorable refractive indices. 

The normal carbonate is strongly anisotropic, possessing indices of 1.700 and 
1.509%, which represent a wide spread from the index of the unloaded vulcanized 
compound, viz., 1.525. Although there are several hydrates of the normal car- 
bonate which have refractive indices somewhat more favorable to transparency, 
for example, MgCO,.5H.O, with indices of 1.456, 1468 and 1.507%, and 
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MgCoO,.3H.,O with indices of 1.495, 1.501 and 1.526%, these compounds decom- 
pose readily to form the anhydride, MgCO,, at temperatures above 150° C, or 
the monohydrate, MgCO,.H,0, if the temperature is maintained between 80 and 
150° C. It is, therefore, unlikely that any of these hydrates, other than small 
amounts of the monohydrate, will be encountered often in commercially dried 
samples. No individual data have been located for the indices of the monohydrate, 
but its microscopic appearance indicates refractive indices a little less detrimental 
to transparency than those of the anhydride. 

Some data are available on the refractive indices of basic carbonate. The com- 
pound, 4MgO0.3CO,.4H.0, is listed as possessing indices of 1.527, 1.530 and 1.5408, 
which show that it would be conducive to transparency in rubber compounds. 
Probably this material is in reality the basic carbonate, 5MgO.4CO,.cH,O, a 
small part of which has been decomposed to the hydroxide, since it has been 
reliably shown that only one basic carbonate exists, viz., the 5MgO.4CO,.cH,0°. 
This is in substantial agreement with the results of several workers who, by im- 
mersion technique, have located the refractive indices of good Japanese grades of 
magnesium carbonate to be within the limits 1.512 and 1.532*: + 7, 


Tasie III 
CONSTITUENTS IN CARBONATES 


Mole per cent of 
: Per cent 





Sample No. 5Mg0.4CO.* MgCo,;° MgO 2 transmission » 
BUivcakh yeas skeesees 99 1 _- 48 
SSS ee ae 98 ~-- 2 47 

Din hen SS seb abA DE Re 99 — 1 45 
W Lue ones couse s 96 4 — 36 
USSSA yer ieee arr amees 56 44 — 12 
Ibis cn osss acta on ne 12 88 -— 13 


® Results accurate to + 1. 
» Results accurate to 2 per cent of transmission value. 


On the other hand, in the one case where the proportion of carbon dioxide is 
noticeably below 4 (sample No. 19), there is no difference in light transmitting 
properties from pure 5MgO.4CO,.xH,O. Here again we are probably dealing with 
two compounds, one 5MgO.4CO,.72H.0, the other a hydrated magnesium oxide, 
Mg0O.H,0. If such is the case, small quantities of the hydrated magnesium oxide 
are apparently less detrimental to light transfer than the normal carbonate. In- 
deed, available data list the refractive indices of MgO.H,O (Brucite) as 1.559 
and 1.580°, which, although different from the 1.525 value for the unloaded com- 
pound, do not vary from it as much as those of the normal carbonate. The an- 
hydride, MgO, although possessing an unfavorable index of 1.7364°, is formed 
only at relatively high temperatures, and probably would not occur except rarely 
in commercial samples. 

A word may be helpful in explaining the increase in light transmission of sam- 
ples containing magnesium carbonate above the value obtained with the base 
mixture. This is produced mainly by the addition of a filler which does not 
absorb the lower wave lengths of light, as does the yellow rubber base mix. This 
absorbing effect in the loaded sample is thereby lowered by dilution of the rubber 
with carbonate filler. 

Table III indicates the probable proportions of materials present in the sam- 
ples studied. It is noteworthy that small amounts of MgCO® in the sample affect 
the light transmitting properties so markedly. Samples 3 and 20 have essentially 
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the same composition (nearly pure 5MgO.4CO,.2H,O), and show similar light 
transmissions. But sample No. 9, with only 4 per cent of MgCO,, shows a decrease 
in transmission to four-fifths that of the other two samples. With 44 per cent of 
MgCO* (sample No. 10), the transmission is only one-fourth that of the first 
two specimens. 

Samples 3, 9, 19 and 20 are similar in their chemical constituents, and micro- 
scopie examination indicates that they are similar in particle size and shape. All 
four samples are composed of very thin plates below 2 microns in diameter, the 
majority being considerably smaller. This is the characteristic appearance of the 
basic carbonate, 5MgO.4CO,.czH,O'". Sample No. 10 is somewhat different, and 
contains in addition a large proportion of a jagged anisotropic constituent, which 
has been identified as the normal carbonate, MgCO,!°. There are also some long 
prism-like particles of monohydrate of the normal carbonate, MgCO,.H,O% 11, 
six to eight times as long as their width, some of these crystals being as long as 
50 microns. The average size (based on weight®) of this material is about 7 
microns. 

Sample No. 18 is different from all the others. It is a jagged material, whose 
particles vary in size from 1 to 35 microns, and possess a weight average of 
14 microns. The particles are strongly anisotropic. This sample is a heavy car- 
bonate, the only one in this series, and shows the characteristics of a ground 
material. This material has been identified as being the normal carbonate, MgCO,. 

The fact that a small amount of the normal carbonate can have such a marked 
effect on transparency explains why the x-ray powder patterns and microscopic 
examinations did not show the difference. These methods cannot be expected 
to reveal such constituents present in low concentrations and, consequently, did 
not reveal the presence of normal carbonate in sample No. 9. In sample No. 10, 
where the normal carbonate comprises 44 per cent of the weight of the sample, 
both constituents were revealed in the x-ray pattern, and by microscopic 
examination. 

It will be observed that a further increase in the amount of MgCO,, in the case 
of sample No. 18, apparently causes no appreciable change in light transmission. 
This is due to other factors. The average particle size by weight of sample No. 18 
is about twice that of sample No. 10, as previously stated. This means that the 
smaller material contains more particles per unit weight of carbonate and, there- 
fore, more surface area than does sample No. 18. Consequently, light rays passing 
through a unit volume of the stocks containing identical weights of the two ma- 
terials will be refracted and reflected much more by sample No. 10 than by sam- 
ple No. 18. As a result, the particles of MgCO, in sample No. 10 are much more 
efficient in hindering light transmission than the particles in the other sample. 
Even though there is a greater percentage by weight of MgCO, in No. 18, its 
efficiency is lower and, therefore, the total light transmission in the two samples 
is not far different. With samples of the same particle size, the one containing 
the greater proportion of the normal carbonate would undoubtedly give lower 
transmission. 

CONCLUSIONS 


From this investigation the following conclusions may be drawn. 

1. The x-ray results of Bixby and Hauser have been substantiated by chemical 
analysis and by microscopic examination. The magnesium carbonate productive 
of highest light transmitting properties is of the type: 5MgO.4CO,.cH,O. The 
normal carbonate, MgCOs, gives very low transmissions. 

2. The best Japanese carbonate studied (sample No. 3) is pure 5MgO.4CO,.- 


«H,0. 
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3. A domestic carbonate (sample No. 20), which is also pure 5MgO.4CO,.2H.O, 
is commercially available and produces transparency in rubber compounds equal 
to that obtained with the Japanese product. 

4. Domestic carbonates in general contain more carbon dioxide than is required 
by a 5MgO0.4CO,.r2H,O carbonate, and are probably mixtures of this material 
and of the normal carbonate, MgCO,. 

5. Light transmitting properties fall rapidly as the proportion of normal car- 
bonate, MgCoO.,, rises. 

6. Carbonates containing less than enough carbon dioxide to provide a 
5MgO4CO,.2H.O carbonate are probably mixtures of this material and hydrated 
magnesium oxide, MgO.H,0O. 

7. In preparing basic carbonates for use in producing high light-transmitting 
rubber, it is better to produce a material with slightly less carbon dioxide than 
necessary for a 5MgO.4CO,.cH.0 carbonate, rather than more. 

8. Particle size is an important factor influencing light transmission, especially 
when the normal carbonate, MgCO,, is present. Generally speaking, especially 
in the size ranges encountered in these carbonates, a finely divided MgCO, will 
offer greater hindrance to the passage of light than will a larger size material. 
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INTRODUCTION 


Application of a layer of rubber to a surface such as a fabric, and coating a 
surface with rubber to make it adhesive, are processes which use enormous 
quantities of solvents, and represent important operations in the rubber in- 
dustry of today. 

The search for the most economical solvent to obtain solutions of low viscosity, 
a solvent which is easy to obtain and to recover, is not too toxic nor too 
volatile, and has no effect on the coated surface or on the rubber layer, has been 
carried on assiduously ever since it was first discovered that when rubber is 
immersed in an organic liquid it disperses in the liquid, with formation of a sol, 
the viscosity of which depends on the percentage of rubber in solution. 

After the relative solvent powers of various liquids had once been established, 
and it had become known that gasoline, solvent naphtha, benzene and _ its 
homologues, etec., are all excellent solvents and quite suitable for industrial use, 
the problem resolved itself into the possibility of eliminating the danger in- 
herent in the inflammability and explosive properties of these solvents, which 
must be used with great precaution and necessitate high insurance rates. In view 
of this, various chlorinated solvents have been proposed from time to time be- 
cause of their characteristic properties, their safety in use, and their solvent 
power. 

In the search for satisfactory solvents, it also was found that the addition to a 
solvent of a small percentage of another liquid, which in itself is not a solvent of 
rubber, decreases notably the viscosity of the resulting rubber solution. From 
this discovery, the rubber technologist foresaw immediately the possibility of 
obtaining solutions containing higher percentages of rubber, with smaller losses 
of solvent and with greater ease of processing. 

Lastly and much more recently, various organic substances have been found, 
which, added to rubber during breakdown or to rubber solutions, make it pos- 
sible to obtain solutions with increased dry solid content, and to avoid the 
prolonged mastication of rubber which is necessary otherwise. 

There has been a vast number of investigations, publications and memoirs on 
solutions of rubber in liquid solvents; these solutions have been studied both 
from the physical and the chemical points of view. But almost all of the work 
has been of a purely scientific character, and the solutions investigated have been 
so dilute, viz., of the order of 0.25 to 0.5 per cent, that they represent solutions 
rarely used in practice, where the solid content is likely to be of the order 
of 15 to 25 per cent. In general investigators have been preoccupied with study- 
ing the influence of light?}* (the effects of which may be either negative or 
positive), of heat (which usually lowers the viscosity*®), and of time, on the 
viscosities of dilute solutions, which are particularly sensitive to these three 
influences. The tendency to work with dilute solutions is also attributable to 


* Translated for RUBBER CHEMISTRY AND TECHNOLOGY from Gomma, Vol. 4, No. 1, pages 7-15, 
January-February 1940. 
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the fact that concentrated solutions up to the paste-like stage behave in a muci: 
less well defined manner than do dilute solutions. 

As already mentioned, the greater part of the published data is of a purel, 
scientific character, and is concerned with explaining how and why rubber swell; 
and passes into solution in a solvent, and what law governs this behavior. 
The data do not apply to highly concentrated solutions, which are more difficult 
to measure, and frequently give discordant results. 

It is for these reasons that the aim of the investigation described in the present 
paper was to determine the best type of solvent which might be of general 
utility for preparing rubber solutions, which would fulfill all technical require- 
ments, and which would serve as a substitute, even to advantage in certain cases, 
for solvents already being used in practice. 

Various pure solvents were studied first of all, then mixtures of these solvents, 
and finally nonsolvents and their effects on the solutions. 


RUBBER SOLUTIONS 


It appears to have been an Italian engineer, Fabbroni, who was the first to 
discover, in 1791, a solvent for rubber, viz., petroleum‘. Rubber is in fact 
soluble in many liquids, including aliphatic and aromatic hydrocarbons and their 
chloro and nitro derivatives, aromatic and cyclic alcohols, esters, ethers, ketones, 
etc., but the solvent power of these various types of liquids is by no means the 
same. Kirchhof®, for example, as far back as 1915, pointed out these differences, 
and attempted to establish a relation between solvent power and relative 
viscosity®. 

Solutions of rubber in these solvents are colloidal, and actual solution is 
preceded by swelling of the rubber in the solvent?. When swelling has become 
sufficiently great, the swollen mass disperses in the liquid. Although these two 
phenomena are related to one another, they are fundamentally different in nature. 
The facts which have been observed in connection with the phenomena seem to 
warrant the conclusion that rubber, although of homogeneous composition, is 
actually not composed of a single substance, but of at least two different sub- 
stances, one of which is insoluble’. 

The theory first proposed by Staudinger? that rubber molecules in solution 
are filiform and rigid has been abandoned, and today it is believed that rubber 
dissolved in a solvent has a micellar structure’? 11)12, and that a reversible 
equilibrium is maintained between solvent and rubber, at ieast in dilute solutions 
such as those studied by Williams**. 

The increase in viscosity of a solvent brought about by dissolving rubber in 
the solvent is proportional to the quantity of rubber actually dissolved in the 
solvent; in fact if the solvent is removed from the rubber sol and is replaced by 
a different solvent, the new solution has a viscosity characteristic of the new 
solvent. This indicates that an equilibrium exists between rubber and every 
solvent. Williams believed that the increase in viscosity is caused by solution 
of micelles and immobilization of the solvent rather than by the presence of 
rigid, filiform molecules according to the older theory. It has also been found** 
that the viscosity in different solvents is a function of the dielectric polarization 
of the solvent but, in this case too, only very dilute solutions (up to 0.25 per cent) 
have been studied. 

The solubility of rubber increases with increase in the time of breakdown and 
with the temperature’: 1°. Hancock was the first to observe that the softening 
effect which is brought about by mechanical mastication is accompanied by an 
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‘nerease in solubility of rubber in a solvent. Mastication has two effects, an 
‘nerease in the solubility of the rubber, and a decrease in the viscosity of the 
‘esulting solution. Figure 1 shows the way in which the viscosity decreases, at 
: constant concentration of rubber, with increase in the extent of mastication. 
This is a direct result of the increase in plasticity (depolymerization and oxida- 
tion) brought about by mechanical breakdown. 

Actually plastication of rubber is due to rupture of long molecules into short 
molecules as a result of oxidation, with formation of peroxides by electric dis- 
charges. In general, mastication is not merely a physical process, but also involves 
chemical changes. It is known that latex globules are torn during the mastication 
process!” 8° by physical action, but Staudinger found also that the molecular 
weight of masticated rubber is considerably less than that of the same rubber 
before mastication'®; hence depolymerization takes place by chemical action, 
for the most part by atmospheric oxygen. 

In addition to this, it has been found that mastication in an atmosphere of 
carbon dioxide makes rubber very plastic and sticky!®. This is at variance with 
patents which are based on the oxidation of rubber as the cause of its plasticiza- 
tion and consequent lowering of its solution viscosity®®. The same oxidation phe- 
nomenon is believed to be the cause of the lowering of the viscosity of a rubber 
solution when it is exposed to light?® or when it is heated. In brief, mastication 


TABLE I 
Time of mastication Williams plasticity Viscosity 
at 40° © at 100° C at 18° C 
0 602 Too great to measure 
10 341 72 
20 242 1089 
40 169 189 
60 126 68 


first depolymerizes rubber, and the depolymerized product can then react with 
oxygen and become plastic?!. This is the theory now generally accepted. 

Figure 1 shows graphically some data obtained by the present author. In this 
work parallel determinations were made of the pasticity of smoked sheet masti- 
cated for different lengths of time, and the viscosity of benzene solutions of the 
various samples of masticated rubber. Each solution was prepared from 20 grams 
of rubber and 80 ce. of benzene. The smoked sheet was broken down in 400-gram 
units on a laboratory mixing mill (friction ratio 1:1.5), the temperature of which 
was approximately 40° C. The placticity was measured by a Williams plastometer 
at 100° C, with spherical test-specimens weighing 2 grams. These were kept at 
100° C for 3 minutes, were then placed in the plastometer, and direct readings of 
the thickness were made after 3 minutes. The solutions were prepared by allowing 
the rubber to remain in benzene for 20 hours, with agitation for 1.5 hours and 
17 hours’ rest before measuring the viscosities. The viscosity measurements were 
made with the falling-ball viscometer shown diagrammatically in Figure 2. 

From Figure 1, in which time of breakdown and viscosity are expressed logarith- 
mically, one is led to the conclusion that the two curves, of plasticity and of 
viscosity, represent two properties which are related in some way, and also that 
it is inadvisable to break down rubber, to be used for solutions, beyond a certain 
length of time on the mill, because the viscosities of solutions prepared from rub- 
ber broken down for prolonged periods show relatively small differences. In the 
case described, it would be of little advantage to carry the breakdown beyond 25 
minutes because, after this time, the lowering of the viscosity is very small. 
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A wide variety of solvents has been employed to obtain rubber sols of differen; 
viscosities”: 23.5, and recently a review of this subject has been published?*. 1) 
has not been possible to formulate a law governing the changes in viscosity with 
a given solvent, because these changes are often unforeseen and unexpected, and 
bear no simple relation to the concentration of the rubber. 

The principal solvents adapted to the preparation of rubber sols are shown in 
the following three groups. 


Czerbon disulfide Benzene Carbon tetrachlordie 
Turpentine Toluene Chloroform 
Petroleum ether (50-60° C) Xylene Dichloroethylene 
Petroleum (70-170° C) ‘ Cymene Trichloroethylene 
Gasoline Cyclohexane Tetrachloroethane 
Solvent naphtha Anisol Methylene chloride 
Ethyl ether Cyclohexanone Ethylene dichloride 
Hexane Nitrobenzene Ethylene trichloride 
Heptane Chlorobenzene Perchloroethylene 
Octane Cyclohexanol (hexaline) 

Nonane Cyclohexanol acetate 

Decane Tetrahydronaphthalene 

Dodecane Decahydronaphthalene 


To this list of solvents should be added certain others appearing in the form 
of specially prepared mixtures sold under trade names, such, for example, as 
the American Skellysolve?4, which are special fractions of hydrocarbons of uni- 
form quality; the German T.A.D., which is a mixture of carbon tetrachloride and 
dichloroethane, and the French Solugomme Péchiney. 

Other products which have been proposed as solvents include oils*® refined from 
the byproducts of coke plants, methyl abietate, sold under the name of Abalyn*°, 
and certain indene-coumarone solvents?’, which are claimed to be chemically inert, 
to be only slightly volatile, and to be powerful solvents. 

Many of these solvents must be rejected because they are too toxic (tetra- 
chloroethane, carbon disulfide, hexachloroethane), because they have too high 
boiling points (decalin and tetralin), because they are too costly (ethylene chlo- 
ride), because they are too volatile (ethyl ether), or because they are narcotics 
(chloroform). In general, the conditions to which a satisfactory solvent of rubber 
should conform are as follows: 


(1) It should have good solvent power and give solutions of low viscosity. 

(2) Its volatility should lie within the desired range. 

(3) It should not be toxic. 

(4) It should not have an intolerable odor. 

(5) It should be stable and give transparent solutions. 

(6) It should have a well defined distillation range. 

(7) It should be insoluble in water and should be recoverable in ordinary re- 
covery apparatus. 


In but few cases do solvents in current use meet all these requirements; on 
the other hand, one of these requirements alone should not be regarded as suffi- 
cient to decide the utility of a solvent. Attempts have been made to find solvents 
which conform satisfactorily to each of the requirements above, first of all among 
solvents derived from coal, then among petroleum solvents because they can be 
obtained completely free of unsaturated sulfur compounds, which are the chief 
sources of toxicity. 
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A vast number of investigations have been carried out to establish, irrespective 
of the other requirements cited above, the relative solvent powers of various 
liquids by determining the viscosities of solutions prepared from these liquids?* 2°, 
Unfortunately these lists, which may be called orders of solubility, are frequently 
at variance. Yet one cannot escape the practical interest which such a list is to 
the rubber technologist who, when he wishes a solvent to meet certain require- 
ments, judges the solvent by the viscosity of a rubber solution, e. g., by the 
permeability of fabrics or the thickness of films obtained by immersion of a form 
in the solution. In this connection it should be noted®* that solvents which have 
high vapor pressures give thicker films than do those which evaporate relatively 
slowly. 

In the investigation described in the present paper, the order of solvent powers 
of various liquids, based on measurements of the viscosities of solutions prepared 
from these liquids, has been established. 


CHLORINATED SOLVENTS 


It is useless to discuss the merits and shortcomings of various chlorinated sol- 
vents, or to find reasons why they are not used generally in place of benzene 
or gasoline. These reasons have already been investigated fully, and lie in the 
instability of such solvents, in their too slow or too rapid rates of evaporation, 
in the physiological disturbances (nausea in particular) caused by operating with 
them, in their prices in relation to their high specific gravities, and in the ten- 
dency of vulcanizing solutions prepared with these solvents to gel*!. 

However, even these reasons do not seem sufficient to offset the advantages 
which chlorinated solvents offer, including their non-inflammability, high solvent 
power, low toxicity, and constancy of boiling points. 

What has been said in the foregoing applies merely to the technical aspects 
of the problem; if in addition to this it is considered that these solvents are manu- 
factured, or can be manufactured, in Italy, with Italian raw materials and electric 
energy, then chlorinated solvents, particularly trichloroethylene and dichloro- 
ethylene acquire a special interest from the self-sufficiency point of view. If, in 
fact, among the solvents listed, those which are narcotics, too toxic, or too costly, 
are eliminated, there remain only carbon tetrachloride, dichloroethylene, trichloro- 
ethylene and methylene chloride as solvents of practical value. But, as will be 
shown later, carbon tetrachloride has a very low solvent power for rubber, and 
therefore must be rejected like methylene chloride, which, though an excellent 
solvent in all respects, is not produced in Italy at the present time. 

As has been said, chlorinated solvents have various merits and shortcomings. 
They are known, for example, to liberate chlorine or hydrogen chloride at ele- 
vated temperatures, which then attack iron receptacles*?. Attempts have been 
made to overcome this fault by recourse to stabilizing agents such as pyridine, 
aniline or other aromatic bases®*. However, it has been found that no change 
takes place if, for example, the mixture is kept in darkness. 

It was mentioned above that chlorinated solvents frequently cause gelation of 
their solutions. This seems to be due to the formation of traces of chlorine or 
hydrogen chloride, which then react with the accelerator in the mixture. If, for 
example, the accelerator is an aldehydeamine, chlorinated compounds which are 
more active than the aldehydeamine base itself are formed**, On the contrary, in 
other cases chlorinated hydrocarbons have been found to prevent gel formation, 
is in the case of thiuram and mercapto accelerators, with which more stable solu- 
tions are obtained with chlorinated solvents than with benzene*+. 
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In using chlorinated solvents, it is necessary, in spite of their non-inflammability, 
to follow without modification in any way the ordinary technique used heretofore 
particularly in the recovery process, which is usually by active carbon. Certain 
difficulties also must be surmounted**; in the first place, for example, it is neces- 
sary to take into account the vapor pressure compared to the vapor pressures of 
solvents generally used. It has been found, for example, on the basis of an ap- 
proximate formula representing volatility as a function of the molecular weighi 
on a basis of vapor pressure**, that dichloroethylene has approximately the same 
volatility as carbon disulfide, and for this reason can be used without difficulty 
as a substitute for the latter; moreover, by mixing it with suitable proportions 
of heavier solvents, it can be used as a substitute for benzene. In the face of this, 
the mixtures already mentioned have been placed on the market, and a study of 
mixtures of dichloroethylene and trichloroethylene has been a part of the present 
work. 

It is evident then that the obstacles which have from time to time stood in 
the way of using chlorinated solvents in ordinary practice have been overcome 
by very simple means. 

Insofar as the physiological properties of chlorinated solvents are concerned, 
it should be noted particularly that their action on organisms is not actually 
chemical but rather narcotic in character*’, depending on the solubility of the 
solvent in the blood, and is related to their vapor pressures, and their solubility in 
water and in fatty substances. 

As the result of an examination of dichloroethylene, perchloroethylene and tri- 
chloroethylene, the first was rejected for general use because it is too volatile, 
and the second because it is too narcotic; only trichloroethylene has physical 
and physiological constants which make it adapted for industrial use. 

To illustrate the degree of toxicity of trichloroethylene, the following data** 
give the concentrations (expressed as parts of solvent per million parts of air) 
of the vapors of six solvents in air, capable of bringing about fatal results after 
brief exposure: 


Tetrachiorpethane § .«.. .....666s6e000% 7,300 
CE DET | a i ee 17,700 
SO Eee esc giv kerosn wun an ano 19,000 
[GRO hr ene baka otonawatnne 24,000 
Perchloroethylene ..............+ 30,900 
Trichloroethylene ................. 37,000 


According to these figures, trichloroethylene is less toxic than ordinary solvents. 

The toxic effect of a solvent depends first of all on its vapor pressure; solvents 
having the lowest vapor pressures are the most toxic because they accumulate 
most rapidly in the organism. It is also true that aliphatic hydrocarbons, e. @., 
gasoline, have less intense physiological effects than chlorinated solvents having 
the same vapor pressures. However, when it is considered that benzene, for 
example, is widely used, not only in spite of its being inflammable and even ex- 
plosive under certain conditions, but also in spite of its being so highly toxic, it 
is obvious that the best chlorinated hydrocarbons, though actually a little toxic, 
are no more toxic, and perhaps are less toxic, than some other solvents in gen- 
eral use. 


METHOD OF DETERMINATION OF THE VISCOSITY OF SOLUTIONS 


The difficulties encountered in determining the viscosity of concentrated solu- 
tions of rubber are well known, and the great number of viscometers developed 
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for this purpose*®: 4° bear witness to this. Of the various capillary, ball, bubble 
and rotation methods used for determining the viscosities of solutions of different 
thicknesses, such as the MacMichael, Stormer, Cochius, Hoppler, Gardner-Holdt*, 
Stokes*?, Saybolt, Bichle**, Ditmar**, Baumé-Vigneron*® viscometers and others*®, 
the ball viscometer was chosen for the present work because the experiments were 
concerned particularly with concentrated solutions, and it has already been demon- 
strated4? 48 that this type of viscometer is the most suitable for these solutions. 

As for precise formulas for expressing the absolute viscosity in centipoises, none 
of the various equations which have been proposed*®: °° 51, 52, 53 for this purpose 
was utilized, and it seemed preferable merely to express the results as time 
(seconds) of fall of the ball through the column of solution. 


Plasticity (Williams ) 
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and solution viscosity. 


The ball viscometer used in the experiments had the dimensions shown in 
Figure 2. 

The solution was placed in a glass cylinder 26 mm. in diameter, with three marks 
(1, 2 and 3), the third mark 60 mm. from the bottom and the top mark 40 mm. 
from the top. The distance between the second and third marks was 550 mm., 
and this was the distance through which the porcelain ball (13 mm. in diameter 
and weighing 2.58 grams) travelled. The surface of the solution was at mark 1. 
The time required for the ball to descend through the 550 mm. of solution was 
measured in seconds. The temperature was maintained constant at 22° C, and 
the experiments were carried out in darkness after the solution had been freed 
completely of air bubbles and had become perfectly homogenous. : 

The various solutions were prepared from pale crepe of the best quality. Eight 
hundred grams of rubber were masticated for 3 hours on a laboratory mill hav- 
ing rolls 150x300 mm. and a friction ratio of 1:1.5. The temperature was 
maintained at 35-40° C. Eighty grams of masticated rubber were then placed 
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in small pieces in 320 cc. of solvent in a glass flask in darkness at room temper: 
ture for 46 hours; a glass stirrer was immersed in the solution, and the solu- 
tion was agitated for 100 minutes. The solution was then allowed to stand fo: 
1 hour, after which the viscometer was filled to the mark with the solution. As 
soon as the column of solution was free of air bubbles, its viscosity was determined. 
The data, expressed in seconds of descent of the ball, represent the average oi 
eight measurements. The concentration chosen was influenced by the fact that 
a concentration of 20 grams of rubber in 80 cc. of solvent is widely used in practice. 

Table II includes data on castor oil, tested in the same viscometer, to serve as 
a means of comparison of the viscosities in centipoises. The table shows that 
dichloroethylene and trichloroethylene have the greatest solvent powers among 
the chlorinated solvents tested. Although the viscosity of a dichloroethylene so- 
lution was close to that of a gasoline solution, it is evidently possible, by choos- 
ing the proper mixture of dichloroethylene and trichloroethylene, to obtain a 
liquid with excellent characteristics as a solvent for rubber, particularly since the 
solutions are perfectly limpid and transparent. 


TasB_eE II 
EXPERIMENTAL Data ON PuRE SOLVENTS 
(Average of 8 determinations; see Figure 3) 


Time of descent 
of ball through 


Boiling point rubber solution 
Solvent Density (° C) (seconds) 
CNS CO ES Cl DR en Sonera ee 0.958 — 17.6 (7.15 poises) 
Gasoline (extra aviation)........... 0.700 40-160 98.8 
UREN UN ee cece en oe ue 0.870 110-112 101.8 
BME EE oe OC ence tau kc dee ete 0.877 80-81 108.6 
DDUNIOTOCTHVIONE 2.0506 scssicwviawesee 1.278 49-60 111.4 
CSCS CITC) a i eee 0.725 70-175 113.8 
NR RCo wick Rica w tats ew kainmintow 0.865 135-138 133. 
[OMNES MERMAID... ose ae ameun<ksku nae 1.262 46.3 135.8 
URS RST COS i eae ee 0.880 135-180 151.2 
TWACRIGTORUNVIONG  o4 65s os. ois oes’ 1.476 87-88 220. 
Tetrachloroethane .................. 1.601 144-146 400.6 
Carbon tetrachloride ............... 1.589 76-77 567.2 


With regard to the possibility of recovering the solvent in this case, this is 
perfectly feasible, even with ordinary equipment, using active carbon, with the 
sole difference that, whereas with gasoline, for example, superheated steam is 
necessary to reach the boiling temperatures of the higher fractions, in the case 
of dichloroethylene-trichloroethylene mixtures, saturated steam at 100° C is 
sufficient; in fact in this case it is necessary as a Means of preventing decomposi- 
tion and consequent formation of harmful products. Many failures are in fact 
due to not observing this principle. 

When the various solvents are listed in order from a practical point of view, 
some must be eliminated without further consideration, while others may be found 
to be economically useful if mixed with other solvents. In the light of this, vari- 
ous mixtures, referred to later, were studied. These mixtures were chosen with 
due regard to various factors, including volatility, solvent power, distillation range, 
and lowering of viscosity brought about by nonsolvents. 


ACTION OF NONSOLVENTS ON RUBBER SOLUTIONS 
The reactions in rubber solutions brought about by different proportions, 
usually small, of nonsolvents have been a subject of study by many investiga- 
tors®+ 55, Asa result of such work, it is now well established that these nonsolvents 
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or precipitants of rubber lower the viscosity of rubber solutions. The action is 
specific to these liquid nonsolvents and is common, to a more or less marked 
degree, to a very large number of substances, including alcohols, such as methyl 
aleohol, ethyl aleohol, amyl alcohol, butyl alcohol, propyl alcohol and isopropyl 
aleohol®® 57 58; esters, such as butyl acetate and ethyl acetate; acids such as 
ascetic acid, trichloroacetic acid, propionic acid, butyric acid and valerie acid®?; 
ketones, such as acetone and acetophenone; and organic bases, such as aniline, 
pyridine, piperidine, a-piccoline, diethylamine, isobutylamine, methylaniline, cyclo- 
hexylamine® and indole*?. 

Likewise the influence on rubber solutions of commonly used antioxidants has 
been studied®?, including di-$-naphthyl-p-phenylenediamine, phenyl-$-naphthyl- 
amine, hydroquinone, etc., with a view to avoiding the gelantinizing effect of light 
and oxygen. Even water has a definite effect, but in spite of the data being con- 
flicting®?, they seem to indicate that in very small percentages it lowers the 
viscosity of rubber solutions, and in higher percentages (1 to 5 per cent) it in- 
creases the viscosity. In turn, ordinary fillers change the viscosity of rubber 
solutions; in general, inorganic fillers lower the viscosity in direct proportion to 
their percentage, except in the case of such fillers as magnesium carbonate and 
carbon black, which increase the viscosity, probably because they induce the 
formation of rubber gel. 

Accelerators, e. g., diphenylguanidine and piperidinium pentamethylenedithio- 
carbamate, lower the viscosity of rubber solutions®*, but frequently their behavior 
is seemingly contradictory, and depends in more than any other way on the 
nature of the solvent concerned. 

Of much more practical and industrial importance is the lowering of viscosity 
brought about by substituted hydrazines, such as phenylhydrazines and triphenyl- 
hydrazines**, which have a remarkable effect when they are used in conjunction 
with an alcohol®. 

In the case of nonsolvents, however, investigations have been concerned both 
with dilute solutions and with concentrated solutions, and it has been found that 
the more concentrated the solution, the more pronounced is the action of the 
precipitant. Here the work has passed beyond the laboratory scale to patented 
industrial applications. 

The influence of nonsolvents has been investigated in connection with their 
precipitant action on rubber sols, and it has been found that this is a characteristic 
reversible effect, in that when the precipitant is removed from the solution, the 
rubber sol reverts to its original condition. Such behavior leads to the conclusion 
that the action is of an electric nature, 7. e., the addition of a precipitant to a 
system in equilibrium so influences the molecular forces that the molecular aggre- 
gates unite to form still larger units. The direct result is a decrease in the viscosity. 


NONSOLVENTS 
EXPERIMENTAL PART 


Experiments were carried out with solutions of rubber in gasoline, to which ap- 
proximately 10 per cent of various typical precipitants were added, with the 
object of determining the most active precipitant. The conditions of the first 
experiment were maintained unchanged throughout, and the solutions were made 
up in the following proportions: 


Masticated rubber .............. 20 grams 
UAENY WASOUING. 54.04 o0'6 Sscg cena 72 ce. 


POPOGUOIAIG «ice nase ioe. aiere ae avecere ss 8 ce. 
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The data in Table III show that the most active precipitant in lowering ti 
viscosity was isopropyl alcohol, followed by ethyl alcohol and butyl alcohol. 

It should be added that all solutions to which precipitants had been added we: 
opaque and milky. 


Tas_e III 
Depressinc Errects or SoMeE PreciPiITaTING LiQqUIDS ON THE VISCOSITY 


(Concentrated solutions at 22° C) 


Benzine Viscosity 
Precipitant (extra aviation) (seconds for 
(8 cc.) (no. of ec.) descent) 

NMS ae pee hie a eR tea iNeed Ble 80 98.8 
OS Re ene Arn ere Te 72 96.6 
VCE RRS ee eee SE ee ee ee 72 86.4 
Vy 17 ESOS ERs OR re a an 72 67.4 
Denatured ethyl alcohol.................... 72 67.0 
Sy BOS ESS SS [ne ee eee 72 61.8 
BURMA MRM ONOIR a at oe eee Sra ANG sata ei EIS 72 52.8 
Ggtede chy LSS C0 1 a ae es ee eee 72 50.8 
SUA URIDR 8 266s ossoannekise drew aaes 72 50.2 


The preceding data, in conjunction with information obtained by a study of 
the solvent powers of various solvents, are sufficient to allow a choice of com- 
binations of chlorinated solvents which represents a compromise of solvent power, 
volatility, and distillation temperatures. 


MIXTURES OF SOLVENTS 


In deciding on the composition of a mixed solvent, the distillation curve to 
which the mixture replacing the solvent being used must conform, 7. e., the tem- 
perature range between the first drop and the dry point in a distillation test, 
should be taken into consideration. Gasoline, for example, may commence to 
distil around 70° C and has evaporated completely at 175-180° C. Taking into 
consideration only these temperature limits, a possible mixture to replace this 
sort of gasoline is the following: 


Dichloroethylene (55° C)............ 27 
Carbon tetrachloride (77° C)......... 11 
Trichloroethylene (80° C)............ 37 
SOULE EON MANS BO). cnc wiewsucns 10 
Tetrachloroethane (140° C).......... 15 

100 


However, a mixture of this kind is unsatisfactory in various ways, first of all 
because of its poor solvent power, e. g., it showed a viscosity (in seconds of 
descent) of 141.8 compared to 113.8 for gasoline. Moreover, it contains tetra- 
chloroethane, which is toxic. On the other hand, if the choice is to be based on 
the highest solvent power compatible with the conditions of use, solvents such 
as carbon tetrachloride are eliminated, for, in spite of such solvents being quite 
satisfactory otherwise, they have low solvent powers and high specific gravities. 
This is also true of tetrachloroethane, which, in addition to being toxic, has a high 
specific gravity and requires prolonged mixing before homogeneous solutions are 
obtained. 
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Two solvents remain, therefore, as suitable for making mixed solvents, viz., 
dichloroethylene and trichloroethylene, if exception is made to the different dis- 
tillation range compared to that of gasoline. As a matter of fact, this can be 
taken care of by changing the temperatures of the coating machines and the 
recovery apparatus. 

Solvent power and distillation range are the two factors which decide the com- 
position of a mixture, because, for example, a rubber solvent should not evaporate 
too rapidly nor on the other hand too slowly. In a mixture of dichloroethylene 
and trichloroethylene, the latter raises slightly the initial distillation temperature, 
which would be expected to correspond to the boiling point of the former. Ac- 
tually an azeotropic mixture is formed; the two solvents are miscible in all pro- 
portions, and the system is a divariant one, with two components, in which the 
boiling point of the liquid increases gradually as distillation continues, e. g., during 
the drying of impregnated fabrics by heat. 

If the evaporation of ethyl ether is taken as equal to unity for a basis of com- 
parison, the other three liquids rate as follows: 


PO La a 1 
DICHIOFOCUAVICNE: 6....06606c ccs cosa sees s 15 
TPIGHIOLOCURVIENE 56605 0c cbc cece 3 
ROTI ofe cara car auet rer ic vis esis aiclea e/erecsiesl> 3.5 


This means that if dichloroethylene alone is used, a high solvent power is ob- 
tained, but evaporation is too rapid. If trichloroethylene alone is used, the rate 
of evaporation is satisfactory, but the solvent power is too low. But if dichloro- 
ethylene is mixed with trichloroethylene, the latter lowers the vapor pressure 
of the former, and the mixture has a vapor pressure which is satisfactory for 
practical needs. 

Table IV give some data on these two solvents. 





Taste IV 
Latent Vapor 
heat of _ pres- Boiling range Solu- 
Molec- vapori- sure , bility in 
ular zation (mm. at Theo- Prac- Specific water 
Compound weight (calories) 20° C) retical tical gravity (%) 


Dichloroethylene .. 97 71 205 48-60° 47-60° 1.250-1.278 0.01 
Trichloroethylene .. 131.5 57 56 85-88° 78-100° 1.471 — 


The various mixtures which were tested, and the viscosities of rubber solutions 
prepared as before from these mixed solvents, are shown in Table V. 

According to Table V, the mixtures which gave good results were those in which 
the proportion of dichloroethylene was reduced to a minimum, and the tendency 
of rubber solutions prepared from such mixtures to dry thereby diminished. 

Mixture Q, composed of 35 parts of dichloroethylene, 57 parts of trichloro- 
ethylene and 8 parts of ethyl alcohol, was the most satisfactory mixture, both 
with respect to solvent power and with respect to the nature and proportion of 
its components. Mixtures O and P also showed particularly high solvent power. 

In view of these results, rubber solutions prepared with mixtures O and Q, 
respectively, were compared with rubber solutions prepared with gasoline. The 
rubber solutions were prepared in various concentrations from rubber which had 
been masticated for 3 hours on a mill. 

Since each aliquot portion of masticated rubber differed in degree of plasticity, 
state of oxidation, etc., in spite of the fact that an attempt was made to maintain 
all conditions constant, the data in Table VII are of value solely in a comparative 
way (see Figure 3). 
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TABLE V 
VISCOSITIES OF RUBBER SOLUTIONS PREPARED WITH VARIOUS MIXED SOLVENTS 


(Solutions prepared from 20 grams of rubber masticated for 3 hours and 80 ce. o! 
solvent) 


Carbon Viscosity 
Dichloro- Trichloro- Tetrachloro- — tetra- Butyl Ethyl Isopropyl (sec. for 
Mixture ethylene ethylene ethane chloride alcohol alcohol alcohol descent ) 
A 60 40 a — — -~ moe 112.1 
] 50 50 — — — — — 112.56 
C 40 60 — -- — aa —- 115.7 
D 20 30 50 — — — — 139.74 
1D 50 30 20 — -— — — 145.46 
F 30 55 15 — — — — 146.5 
G 40 —- 60 — — — -- 151.62 
H 40 40 20 a -— —— a 157.9 
I _- 60 40 — —- os _- 217.62 
L 40 — ~~ 60 — —- -- 272.34 
M 27 37 15 11 10 -- —- 141.36 
N 20 70 ao oo —- _- 10 96.86 
O 55 35 —- = 10 -— — 88.56 
P 30 60 — — — — 10 84.60 
Q 35 57 i -_ = 8 os 60.12 


TaBLe VI 





Solvent Pale crepe 
Concentration (no. of ec.) (grams ) 
4 384 16 
10 360 40 
15 340 60 
20 320 80 
25 300 100 
30 280 120 
1000; 
900 
800 


=| 
& 


” = Viscosity in seconds of fall 
gee 8 














EE, Af T T T T T 
o S5§ 0 6 2 ee 30 35 
Fercentage concentration 
Fic. 3.—Relation between concentration 
and viscosity. ‘Pale crepe masticated 3 
hours. Temperature 22° C.) 
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TABLE VII 


VISCOSITIES OF RUBBER SOLUTIONS PREPARED FROM GASOLINE, MrIxTuRE O AND 
Mixture Q 


Concentration of rubber..... 4 10 15 20 25 30 

Neietre OO! sa ioscan on cies <s 18 6.8 31.4 108.2 307.2 5742 

NGRUNON IO, Jaca sccean enone 2 96 32 101.2 216.4 396 

ARNG) issn i'view aiioeaies 1.2 6.6 48.6 205.2 764 — 
CONCLUSIONS 


Mixtures of dichloroethylene and trichloroethylene are not only suitable for 
preparing rubber solutions, but are superior in solvent power to gasoline now 
used in practice. If small percentages of alcohol are used in conjunction with 
these solvents, rubber solutions of lower viscosities are obtained, and in general 
these mixed solvents have high solvent power and are of value industrially. 

Mixtures of dichloroethylene and trichloroethylene are also of utility in pre- 
paring solutions of artificial rubber, such as Buna. These solutions are to be 
the subject of a special study. 

In the recovery of such mixtures of solvents, carried out with saturated steam, 
the alcohol is lost, evidently because it is miscible with the condensed water, but 
the other two components are recovered without any decomposition and under 
the same conditions as gasoline and benzene®*. 

In view of all this, chlorinated solvents, which are economically selfsufficing, 
ought soon to be used, if not in all cases, at least to a great extent, in place of 
gasoline and benzene, which are much more necessary for other uses than for 
the impregnation of fabrics. The use of chlorinated solvents has, in addition to 
this, notable technical advantages, as well as safety. 

Accordingly it seems likely that chlorinated solvents and their mixtures are 
destined to assume in the near future a dominant position in the rubber industry 
in general, and in the Italian rubber industry in particular. 
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DETERMINATION OF FREE CARBON 
IN RUBBER 


THE CRESOL METHOD * 
J. B. Roserts, Jr. 


UNITED STATES RUBBER Co., DETROIT, MICHIGAN 


INTRODUCTION 


Of the methods heretofore published for determining free carbon in rubber, 
only the nitric acid method! and its modifications? are simple enough for gen- 
eral use. Other methods*, based on a distillation of the organic matter in an 
inert atmosphere to leave the free carbon, require complex apparatus, or depend 
on complete knowledge of other components of the sample for the final calcu- 
lation. The nitric acid method has many disadvantages. Hot concentrated 
nitrie acid is hazardous and unpleasant to handle. Small samples must be used 
because of slow filtration. If preliminary extraction is desired, a vulcanized 
sample must be used. Extreme care in washing is necessary to prevent loss of 
carbon particles through the filter. The number of lost determinations is dis- 
couraging to the analyst*. The results are in general too high, in spite of the 
5 per cent empirical correction downward. 

The method here described® resulted from an effort to eliminate the use of 
nitric acid. It has been in routine use in this laboratory for some years, 
has given more accurate results, has been found safer and more rapid, and 
results in fewer lost determinations than the nitric acid method. It is rapid 
because no preliminary extraction is needed, and because filtration is rapid and 
dependable. Fewer determinations are lost because there is little tendency 
for carbon to pass through the filter. The results are in general more accurate, 
and no empirical corrections are necessary. The method is equally applicable 
to raw or vuleanized rubber. 


PRINCIPLE 


The method comprises digestion of the sample in hot cresol; dilution with 
gasoline; filtration on a Gooch crucible to obtain the fillers, including free 
carbon, free from rubber; removal of soluble matter by washing; removal of 
volatile substances by a short ignition in an atmosphere of carbon dioxide; 
and final determination of free carbon by weighing, burning in air, and ob- 
taining the loss in weight. 


PROCEDURE 


Step 1—Weigh out 1 gram of thinly sheeted or ground rubber in a 400-cce. 
AS.T.M. rubber extraction flask, cover the sample with 30 ce. of cresol (U.S.P.), 
cover the flask, heat on an electric hot plate, keeping the cresol at 160-165° C 
for 3-4 hours, or at 140-145° C overnight, cool, add 15-20 ec. of benzene, dilute 
with about 300 ec. of rubber solvent gasoline, and allow the solid substances 


* Presented before The Division of Rubber Chemistry at the 100th Meeting of the American 
Chemical Society, Detroit, Michigan, September 12-13, 1940. 
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to settle completely. This is important. If settling does not occur after 5 or 
6 hours, the sample should be discarded and another one digested for a longer 
period in cresol. 

Step 2—Decant the clear solution through a heavy asbestos mat on a Gooch 
crucible, using suction. To avoid stirring up the solids, it is best to pour off 
the supernatant solution in one uninterrupted decantation, leaving the solids 
in the flask. (If the compound contains much mineral rubber, use the modified 
washing procedure described below in Step 2-a.) To the solids in the flask add 
15-20 cc. of acetone and about 5 ec. of concentrated hydrochloric acid, and 
transfer the carbon black to the filter by means of a jet of acetone®. From this 
point washing should be continuous without allowing the crucible to drain dry, 
to avoid caking and channeling of the carbon. Loosen the particles clinging 
to the flask, using a rubber policeman and a little acetone acidified with hydro- 
chloric acid, and wash the filter alternately with warm acetone and hot dilute 
hydrochloric acid (1 volume of concentrated hydrochloric acid to 3 volumes 
of water), until the acetone washings are colorless. If the rubber contains lead 
compounds, wash with very concentrated hot ammonium acetate solution 
(slightly ammoniacal) until these washings, when acidified with acetic acid, 
give no test for lead with dichromate. Follow with washes of hot water, hot 
dilute hydrochloric acid, and finally acetone, and dry for one-half hour at 
105° C. 

Step 2-a—In the presence of mineral rubber in large amounts, avoid using 
acetone in the early stages of the washing process to prevent loss of carbon 
through the filter. After decanting the clear solution, add about 50 ce. of 
benzene, again dilute with gasoline,, allow to settle, decant again through the 
filter, transfer the carbon to the crucible, using benzene, wash with warm benzene, 
then with hot dilute hydrochloric acid, loosen the particles in the flask with 
acidified acetone, then, before transferring this to the filter, add some benzene 
to the flask. Usually after this point, acetone, acidified with strong hydrochloric 
acid can be safely used without loss of carbon through the filter. Wash with 
acetone until colorless, then wash successively with hot 25 per cent sodium 
hydroxide solution, hot water, dilute hydrochloric acid and acetone, and dry 
at 105° C. 

Step 3—This step consists of ignition of the Gooch crucible and contents 
in an atmosphere of carbon dioxide. Compressed carbon dioxide from a tank 
is passed through a bubble counter containing a little paraffin oil, then through 
a drying tower containing any convenient desiccant, to the ignition apparatus. 
This consists of a 100-cc. nickel crucible converted into a Rose type crucible 
by passing a clay Rose crucible delivery tube through a hole drilled in the 
center of the nickel crucible cover. The nickel crucible is supported on a ring 
stand to allow heating with a Meker burner. 

The Gooch crucible is placed inside the nickel one, the flow of carbon dioxide 
is adjusted to give as rapid a stream as possible without danger of blowing 
carbon particles out of the crucible, the cover is put in place, and carbon dioxide 
allowed to flow for 5 minutes to displace all air. With an interval timer to 
avoid loss of time and possible error, heat the nickel crucible at the full heat 
of a Meker burner for 5 minutes, remove the source of heat, allow the carbon 
dioxide to flow for ten minutes more before opening the apparatus, remove 
the Gooch crucible to a desiccator, cool, and weigh. This weight represents the 
crucible, insoluble fillers after heating, and free carbon‘. 
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Step 4—Burn the carbon in air at a dull red heat, cool the crucible in a 
desiccator, and weigh. The loss in weight corresponds to the free carbon in 
the sample. 


EXPERIMENTAL WORK 


Standard Stocks—Rubber compounds of accurately known free carbon con- 
tents were prepared as follows. First, a rubber mixture, Stock A, containing 
all compounding ingredients necessary for curing, but no carbon black, was 
mixed on a laboratory mill at 220° F (see Table 1). After cooling, a portion 





TABLE I 
STANDARD STOCK 
Stock A Stock B 

MRMMMRSENY -, ctcairons, SG Wk hae es 100.0 Fer GCMs uae es Sia Recher ease ht Raed 560.0 
MA WRG: coke siesivadnswaiun 5.0 
MOIR cin, aioe eons at wets are vais 4.0 OGURA ica Satsce cee eonteeea hee Sera 806.0 
ne ne 3.5 
RBM MAL So cilising tee atieis oanaraieeinoros 15 Carbon black by difference...... 246.0 
ROMMNNNN hn ols recin anda vgaivenner ais 3.0 
eA |< gn ROE OEE oR 0.75 

UC LYE Sere a ea one omer yop 117.75 

% Free carbon = 0 % Free carbon = 30.52 


- 


of this batch was accurately weighed and again placed on the mill at 220° F, 
great’ care being taken to avoid loss of any of the rubber mixture. Carbon 
black was then added slowly with thorough mixing to insure uniformity. The 
cooled batch was then reweighed, and the gain in weight considered to be 
carbon black. This stock, designated B, contained, on this basis, 30.52 per cent of 
carbon black. 


Tas_e IT 
STANDARD Stocks 

Designation Feature 
HSL ravcain ise aa eanele 30.52% free carbon. See Table I 
IDF acwanienwwient 30.57% free carbon 
CS eee 1.00% free carbon. (By dilution of D) 
BELO! dscns 10.00% free carbon. (By dilution of D) 
MERI) Sataw eae 29.50% free carbon. (By dilution of D) 
IDEBO? Sasuke 30.00% free carbon. (By dilution of D) 
DL weeeeeeeeeeees en PbO seed ock B plus litharge 
i ee ’ g re ‘| ‘ ° 
MR ......... pad we si or per } Stock B plus mineral rubber 


Tests were then run on small samples of uncured stock taken along one 
diagonal of the batch. The results are included in Table III, in the column 
for Stock B, uncured samples. The six results were all within a range of 1 
per cent or less of the total amount of black present. Since this was about 
the same as the precision of the method, the stock was considered to be suffi- 
ciently uniform. 

Slabs of this stock were then cured, the stock being weighed before and after 
curing. In no ease did the change in weight exceed 0.05 per cent. 


9 
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Another similar mixture (Stock D) was prepared in an identical manner 
from a similar carbon black free batch, Stock C, the only difference being in 
some of the minor compounding ingredients; this Stock D had a free carbon 
content of 30.57 per cent. 


TABLE III 
ACCURACY AND PRECISION 
CRESOL METHOD 


Stock B D D-30 D-29.5 D-10 D-1 
Free carbon, calculated.......... 30.52 30.57 30.00 29.50 10.00 1.00 
Free carbon, found (samples cured 30.40 30.49 30.22 29.44 10.01 0.98 

40 min. at 45 lbs. per sq. in. steam 30.57 30.68 29.96 29.42 10.02 1.02 


pressure) 30.68 30.71 29.93 29.59 9.93 0.99 
30.72 30.72 — -—— oo ~ 

— 30.67 = ~- — — 

— 30.64 — — --- aa 

— 30.70 _- -— —- -- 

BRON roses st cu kusemenbekeow 30.57 30.66 30.04 29.48 9.99 1.00 
Free carbon, found (uncured sam- 30.59 30.47 —- -- ~= — 
ples) 30.32 30.43 — — — _- 
30.51 30.43 - -— — —- 

30.50 30.63 -- — -- —- 

30.38 30.22 -- — — _ 

30.50 30.41 — — — ~- 

BURRS R acess kenseak snes 30.47 30.43 — -- —- ~ 


From these base stocks, B and D, others of lower free carbon content were 
made by mixing proper proportions of the standard stock with the carbon 
black-free rubber mixture. One stock was prepared with mineral rubber, and 
one with litharge, for testing the interference of these materials. In other cases, 
the efiects of certain substances were tested by adding the material in question 
directly to the flask with the sample of known free carbon content. The stocks 
prepared are shown in Table II. 

Cresol Digestion—Table IV shows results obtained under various time- 
temperature conditions of cresol digestion. It was found that if the cresol 


TaBLe IV 


Errect oF TIME AND TEMPERATURE OF CrESOL DIGESTION 


Hours of Temperature % Free carbon, % Free carbon, 
digestion (7?) found calculated 
EE Ea era ene mee ee 160-165 30.64 —— 30.57 
BPs sak wa Sa eke ewe oe 160-165 30.70 — 30.57 
Ro caceueds }cam si echielnas 160-165 30.67 — 30.57 
EE eee ae ge a 160-165 30.49 30.68 30.57 
ASA ee eon eee 160-165 30.71 30.72 30.57 
ED cuaxoksua cau ava sauwn 160-165 30.82 30.96 30.57 
| See eet eae 160-165 31.32 31.05 30.57 
Boa ies Nco'sihwioas 140-145 30.43 30.47 30.57 
Drie cake ee wera 140-145 30.22 30.41 30.57 
tha tee at Woe ee eek eas 140-145 30.43 30.63 30.57 


digestion was allowed to run overnight at 160° C, the results were slightly high. 
Runs up to eight hours gave satisfactory results, but at this digestion tempera- 
ture, no samples analyzed at any time required more than four hours for satis- 
factory decomposition. 
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Since it is often convenient to digest samples overnight, the effect of lowering 
the temperature of the digestion was tried. At 140° C, the results remained 
constant for periods of digestion up to 16 hours; this temperature is satis- 
factory for overnight digestion. The results for each temperature are shown 
in the table. 

Apparently the only lower limit to the time of digestion is the minimum time 
required to break down the rubber so that settling will occur by diluting with 
gasoline. In some cases, two hours’ digestion accomplished this, but settling 
was rather slow. 

Accuracy and Precision—With the cresol method, the agreement between 
duplicate results is usually within 1 per cent of the total free carbon. In the 
absence of interfering material, the agreement between calculated and analytical 
values is better than 1 per cent as Table III shows. When interfering sub- 
stances are present, the accuracy is affected, but the agreement between dupli- 
cates remains about the same. 

It should be noted that in the stocks containing 10 per cent and 1 per cent 
of free carbon, made by diluting Stock D with black-free Masterbatch C, the 
absolute free carbon content is more accurately known than in Stock D by 
factors of about 3 and 30, respectively. Since the analytical results on these 
stocks agree very closely with the calculated values, it seems valid to conclude 
that the method is free of systematic errors. 

Stocks D-30 and D-29.5 were included to demonstrate the ability of the 
method to distinguish between stocks having but slightly different free carbon 
contents. The results are shown in Table III. 

Interfering Substances—Acid-soluble mineral fillers such as zine oxide and 
whiting do not interfere with the cresol method, nor do clays. Lead compounds 
must be removed in the washing process. The only serious interferences en- 
countered were cellulose and mineral rubber. The effects of ingredients other 
than these two are shown in Table V. 

Cellulose, largely insoluble in all the wash solutions, remains on the filter, 
is charred during the ignition in carbon dioxide, and leads to high results (see 
Table VI). It was hoped that, by acetylation, this material could be rendered 
soluble in acteic acid and thus removed. But even when this was done, the 
results were too high with large amounts of cellulose. The acetylation step was 
therefore not considered worth retaining. Results by the cresol method still 
compare favorably with those using the nitric acid method. 

Mineral rubber interferes in two ways. It causes high results, probably due 
to its own free carbon content. This can hardly be considered as a true error, 
although it is inconvenient when one is interested solely in the amount of 
standard rubber blacks present. Mineral rubber interferes also by its tendency 
to cause carbon black particles to run through the filter and be lost. By adopting 
the modified washing sequence given in the method, which avoids the use of 
acetone in the early stages of the washing, perfectly clear filtration is possible. 

Attempts to determine free carbon in mineral rubber itself gave zero values. 
The carbon always passed through the filter. Tests run on a mixture of 
carbon black-free Stock A and mineral rubber gave positive but highly erratic 
results, showing the presence of some free carbon. 

The magnitude of the error in the results was roughly proportional to the 
mineral rubber present; the extent of the error is about 10-13 per cent of the 
mineral rubber content. This would tend to confirm the fact that the presence 
of free carbon in mineral rubber is the cause of the high results found (see 


Table VII). 
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Cresol vs. Nitric Acid Method—Tables V, VI, and VII show some compara- 
tive results on similar samples by the cresol method and the nitric acid method. 
Without exception, the nitric acid method gives higher results and poorer agree- 
ment with the calculated free carbon content. These calculated free carbon 
values are probably maximum values. This is true if no loss of volatile sub- 


TABLE V 


Errect or AppED INGREDIENTS 
Free carbon (found) 





Free carbon 





Added (calculated “Cresol ) HNO; 
Rubber stock ingredient percentage ) method method 
NURI ee NI ccs a tad Faves ai wae ole 30.52 30.40 31.95 
1.000 g. (cresol) ...... =" McGee REMeeer saws — 30.57 30.12 * 
0.500 g. (HNOQ;) ..... ==, “seiasounsasseseee eck — 30.68 31.93 
' Sucwab arcewnemeeh bx — 30.72 — 
CED N tcc cesunues DMR? cakutnicuneskkascaa he 1.00 0.99 1.20 * 
1.000 g. (cresol) ...... Bt analgesia is Sea aloe Ue — 0.98 1.60 
0.500 g. (HNO;) ..... Se ee 1.02 — 
Ute @ LO | ee Uri a Ok 8.33 8.51 — 
ION cack kkee nee Zine oxide, G1 @.......5... — 8.54 — 
IE AOD Ws sa nesuscne SCAT ae Oe Ee 25.00 25.10 — 
1 errr rr PAR MORIGC WA ssocwsiene — 25.17 — 
CTC. | eee CONE 2S ee ee 24.00 23.90 — 
DOOM. 05 es ackw vwsis "| * Cheserestaws nuns — 24.14 — 
Ss aicwtewss osh eee — 24.07 — 
Pe | Ses, © (IN, Lb" Ree tre 24.42 — 24.807 
COL Sie aan eae a er — — 24.72 + 
Stock L: 
1.000 g. (cresol) ...... Litharge in stock L,137%.. 30.13 30.11 32.90 * 
0.500 g. (HNOs) ..... ~- sf — 30.01 32.20 


Carbon particles passed through filter. 
Extremely slow filtration. 


7 
a 
! 
TaBLe VI 
EFrrect 0F CELLULOSE 


Free carbon (found) 





Free carbon 


Added (calculated —‘Cresol HNO; 
Rubber stock ingredient percentage ) method method 
(Ue Le ar Wood flour, 0:2 ¢@............- 24.00 25.10 — 
Ee | kore RAN —_ 25.15 — 
D-30, 0.9000 g........... Wood flour; O41... 0.4... 27.00 28.30 — 
— . sareenwow — 28.20 — 
1-30, 09000 g............4 Absorbent cotton, 0.1 g..... 27.00 27.43 — 
— am — 27.49 — 
— PoPea — 27.40 — 
— cE — 27.58 — 
Stock B, 0.4000 g.........4 Absorbent cotton, 0.1 g..... 24.42 — 25.22 
— peas oo — 27.50 


stances occurred after the first mixing of the masterbatch without carbon black. 
Since, during the addition of carbon black to the rubber, the temperature was 
no higher than during the preparation of the black-free mixture, further loss 
of volatile substances from the rubber portion is unlikely. The only conclusion 
is that the cresol method gives results nearer the truth than the nitric acid 
method. 
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The nitric acid method was used according to the A.S.T.M. procedure’, includ- 
ing preéxtraction of the sample and final empirical correction of 5 per cent down- 
ward. Not a large number of results by this method are included, partly be- 
cause about half or more of the samples were lost due to poor filtration, and 
partly because of the long time required and the generally disagreeable nature 
of the method. Some of the filtrations required five hours for completion. 

In contrast, with the cresol method, one operator can run about twenty-four 
individual tests per day, using a rack for six suction-filtering flasks and two 
sets of ignition apparatus. The number of determinations lost is negligible. 
Except for the mixtures containing mineral rubber, only one sample was lost 
during the present investigation, and in that case an experimental wash solution 
was at fault. 


Taste VII 
Errect or MINERAL RUBBER 


Free carbon (found) 
A 





Free carbon 


Added (calculated “Cresol HNO; 

Rubber stock ingredient percentage) method method 
Ct ge C2 | ee Mineral rubber, 0.1 g....... 27.00 28.34 — 
UCU 2 cree ee ge er eter — 28.38 — 
Ao — 28.42 — 
ee Vache — 28.26 —— 

RUNGE: NU eeessiee ates wre'eis 10% mineral rubber in the 

BRR ryote oka cescaeraerhe iis 20.00 21.20 22.30 

1.000 g. (cresol)....... — — 21.38 22.10 
0.5000 g. (HNO;) neve — — — —_ 
Stock MR, 0.500 g....... 5% mineral rubber......... 25.26 25.80 — 
Stock B, 0.5000 g........ — — — — 
Stock MR, 0.250 g....... 2.5% mineral rubber....... 27.89 28.13 — 
Stock B, 0.760 g:......64 — os —- -- 
Stock A, 0.713 g......... 28.7% mineral rubber...... iG 1.39 - 
Mineral rubber 0.287 g... i ee er — 0.89 — 
aa © cee. — 0.73 — 


GENERAL REMARKS 


The use of carbon dioxide rather than nitrogen is open to the theoretical 
objection that carbon may react with carbon dioxide to form carbon monoxide, 
causing low results. If this takes place, its magnitude during the five-minute 
ignition must be negligible. The only objection to nitrogen is that it is more 
difficult to obtain it sufficiently free of oxygen without purifying in the laboratory. 
Carbon dioxide has another advantage in that it is heavier than air, and there- 
fore more readily displaces air in the ignition crucible, which is vented only 
at the top. 


SUMMARY 


A simple, accurate method for the determination of free carbon in either 
raw or vulcanized rubber is presented. It has replaced the nitric acid method 
entirely in the laboratory of the United States Rubber Company, Detroit, 
Michigan. A study of the effects of interfering substances, and numerous com- 
parisons of results by the cresol and the nitric acid methods, are given. Results 
by the cresol method, in the absence of interfering substances, are within 
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1 per cent of the calculated free carbon content. The method requires only 
simple apparatus readily available. 
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use of paraffin, not cresol, and came from J. F. Williams of the United States Rubber Co., 
Detroit, Michigan. C. H. Lindsly, formerly chief analytical chemist, developed the analytical 
technique, substituted cresol for paraffin, and brought the method essentially to its present 
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® A convenient acetone wash bottle is made by bending the delivery tip upward at an angle about 45°. 
This allows the operator to rinse the flask without assuming difficult postures, or getting 
acetone back into his mouth. 

7 Approximately 20 minutes is required for each ignition in carbon dioxide. To keep pace with 
filtrations, two sets of ignition apparatus are needed. Both these can be operated from the 
same carbon dioxide source, using a Y-connecting tube and screw clamp adjustments to equalize 
the flow. 

















RECLAIMED RUBBER 
APPLICATION OF THE T-50 TEST * 
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The T-50 test was first proposed by Gibbons, Gerke, and Tingey* in 1933 
as a means of determining the state of cure of a rubber compound. Its use 
depends primarily on the relation which exists between the combined sulfur 
of a rubber compound and its resistance to “freezing”. Test specimens of the 
cured compound are subjected to very low temperatures (—50° to —70° C) 
while elongated from 300 to 800 per cent of their original length. At these tem- 
peratures the specimens become “racked”; 7. e., they lose their elasticity. As the 
temperature is slowly raised at a constant rate, the specimens gradually retract. 
The temperature at which they reach 50 per cent of the elongation at which they 
were frozen is known as the T-50 value. 

The effect of several compounding ingredients on the T-50 value of a rubber 
compound has been studied. Haslam and Klaman® in 1937 observed the effect 
of various zine oxides, and concluded that the T-50 test is a satisfactory tool for 
the study of curing rates. In 1938 the effect of various accelerators with zine 
oxides was studied by Gibbons, Gerke, and Cuthbertson*, who found that in the 
absence of zinc oxide there is close correlation between T-50 values and the amount 
of combined sulfur for vuleanizates with different accelerators and times of cure, 
but that in the presence of zinc oxide this relation varies with the amount and 
kind of accelerator used. These data and data presented by Vila!® in 1939 indi- 
sate that there is no general relation between T-50 and amount of combined sulfur 
for all compounds, but that a specific relation does exist between these properties 
for any one compound. Various laboratories® 12 now employ this test as a means 
of evaluating carbon black. Roberts!? concluded that the test was useful in 
evaluating the curing rate of carbon blacks. The effect of some accelerators, anti- 
scorch materials, and antioxidants on the T-50 value of rubber compounds was 
reported by Tuley'‘ in 1937. He points out that the test may be used as an aid 
in compounding rubber goods to obtain definite states of cure at desired times 
and temperatures; hence, it is useful in the design of new compounds as well as 
in factory control work. Coe? determined the temperature coefficient of vul- 
canization for reclaim compounds by means of the T-50 test, and reports that the 
values ccmpare favorably with those obtained by free sulfur or modulus methods. 
The purpose of this work is to determine whether the T-50 test can be used for 
evaluating reclaimed rubber. 


EXPERIMENTAL METHOD 


Apparatus manufactured by the Henry L. Scott Company was used throughout 
this work. It differs from that of the original investigators in that an open-pan 
type of racking vessel is used instead of a vertical Dewar flask. This type of 
equipment eliminates difficulties due to condensation, as well as danger from cold 
acetone and flying glass in case of breakage". 


* Reprinted from Industrial and Engineering Chemistry, Vol. 32, No. 10, pages 1366-1371, October 
1940, 
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All compounds were mixed and cured in accordance with standard practice as 
recommended by the A.S.T.M.!, except that compounds were aged for 4 hours 
between mixing and curing. This procedure has been found satisfactory in prac- 
tice, and has the advantage of reducing the time required for a test. Finished 
slabs, 5x 70.060 inch, were obtained, from which T-50 test strips were cut 
with a die parallel to the grain. In all cases two strips were tested from each 
slab and the average results accepted. Where the variation was greater than 2° C, 
additional strips were tested until checks within 2° C were obtained. This was 
necessary in only one case. 

The selection of 2° C as the maximum limit of variation was somewhat arbi- 
trary. Tuley' states that a single test is usually reproducible to +0.5° C, but 
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Fic, 1.—Effect of increasing amounts of tire reclaim B on rubber properties. 


does not regard variations of 1.5° C as significant. Roberts!? reports an accuracy 
within 1.0° C. Other data®. 8 have been presented which show acceptable varia- 
tions up to 4.0° C. Our average variation from test to test was 0.5° C for the 
reclaim-sulfur mixes and for the test formulas in approximately 110 tests. 

The racking temperature of —70° C used by Gibbons, Gerke, and Tingey* is 
difficult to obtain with the open-pan type of equipment. Haslam and Klaman® 
showed that —50° C is a satisfactory temperature; hence in this work —50° C 
was used, with an elongation of 350 per cent for tread and tube compounds. For 
reclaim-sulfur tests it was necessary to employ —55° C, because some of the T-50 
values approached —50° C. Elongations of 200 per cent were used for the reclaim- 
sulfur tests, since higher elongations caused the strips to break while being 
stretched. All strips were conditioned for 5 minutes in water at 20° C after 
elongation and before freezing. 

Free sulfur data presented here were determined by the sodium sulfite method?. 
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EFFECT OF VARIABLES ON T-50 VALUE 


The reclaims selected for this work were typical commercial products. The 
characteristic analyses are given in Table I. Test formulas are given in Table II. 
Formulas I, II, Il, and IV are tread compounds; formula I is the control and 
formulas II, III, and IV have 10 per cent increments of tire reclaim, with the 
necessary adjustments in acceleration to compensate for the accelerating effect 
of the reclaim. A complete discussion of these formulas has already been pub- 
lished!?, Formula V represents a nonreclaim inner tube compound. In formula VI, 
32.5 per cent of reclaim was added to formula V. The same amount of rub- 
ber hydrocarbon and the same ratios of zine oxide, sulfur, and stearic acid 
to rubber hydrocarbon were maintained, but the amount of accelerator was 
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Fic. 2.—Effect of reclaims A and C on rubber properties. 


reduced to approximately two-thirds to compensate for the accelerating ef- 
fect of the reclaim. Formula VII is the same as formula VI, except that 
the ratios of zine oxide and stearic acid to rubber hydrocarbon are further 
reduced, so that they are proportional to new rubber only. This type of com- 
pounding is similar to that used by Coe’, who assumed that most types of reclaim 
retain sufficient zine activation to satisfy their proportion of the compound. In 
addition, the accelerator was further reduced. These changes result in a compound 
which cures at a slower rate than the nonreclaim control formula V, as will be seen. 

A comparison was made of formulas I, II, III, and IV, in which increasing 
amounts of tire reclaim B were added to control formula I. The tensile and 
modulus data are plotted in Figure 1. The tensile data do not show any differ- 
ence in the rate of cure of these compounds. Modulus data, while not conclusive, 
tend to show that formulas I and II are similar; formula III is perhaps slightly 
faster curing, and formula IV noticeably faster curing. T-50 and free sulfur data 
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are also shown in Figure 1. There is a progressive lowering of T-50 values with 
each increment of reclaim during the early cures, although ultimately a common 
value is reached at the 75-minute cure. Formula IV, however, shows a more dis- 
tinct lowering of T-50 than formulas II and III, and the slope of its curve is 
steeper during the early cures. 

The T-50 values approach a common figure for all the compounds as cure 
proceeds, as do the values for free sulfur. The lowering of the T-50 values during 
the early cures of the reclaim compounds is due to two factors; first, reclaim 
acts to speed up the rate of cure of the compound and enables it to attain a definte 
T-50 value more quickly, which is confirmed by free sulfur tests; secondly, reclaim 
will lower the T-50 value of the compound independently of its effect on rate 
of cure. Coe? showed that the combined sulfur present in the reclaim lowers the 
T-50 value of raw and undercured compounds, but does not affect the ultimate 
values attained. He also determined the T-50 value of raw reclaim to be —20° 
to —21° C. Tuley" also stated that reclaim will lower the T-50 value of a rubber 
compound because of the presence of the sulfur in the reclaim, although he offered 
no experimental evidence. For these reasons it would be difficult to conclude 


TABLE [ 


ANALYSES OF RECLAIMS 


Reclaim A B Cc D E 
BWRIDE RCL E Ror GkGkcka diene semis Tire Tire Tire Tube Tube 
I eo ah aide ak wis ones’ one Black Black Black Gray Gray 
Manufacturing process ........ Open- Digester Digester Digester Open- 
stream steam 
Sp. gr. (grams per cc.)......... 1.16 1.15 1.15 1.21 1.22 
Chemical analysis (%) 
Acetone extract ............. 9.80 11.20 12.20 11.10 11.80 
RO aL Laken sa seks ssshiwee 9.80 15.50 16.00 32.40 31.60 
LCT A GIT) SR ee a 2.00 2.30 1.90 2.20 2.20 
(GASEN RIB 4 cae ess back ss 22.30 12.00 13.40 0.40 0.40 
Alkalinity (as NaOH)....... 0.02 0.16 0.42 0.07 0.38 
Rubber content (by difference) 56.10 59.00 56.50 53.90 54.00 


_that formulas I, I, and III vary in rate of cure, based on T-50 tests. Formula IV, 
‘however, has distinctly lower T-50 values during the early cures, which indicate 
a faster curing rate. This is confirmed by free sulfur data and to some extent by 
modulus data. 

In this case T-50 tests appear to be somewhat more sensitive to variations 
in rates of cure than the corresponding tensile data, and are at least as sensitive 
as modulus data in this respect. 

It is evident that similar compounds containing different or unknown amounts 
of reclaim cannot be directly compared for state of cure by the T-50 test. Their 
rates of cure can, however, be roughly compared by examination of their T-50 
curves at various curing times, and significant differences can be distinguished. 

A comparison was made of low-alkali open-steam tire reclaim A and high-alkali 
digester-tire reclaim C in formula IV. Formula I was also included as a control. 
Tensile and modulus data are shown in Figure 2. The modulus data indicate 
that tire reclaim C is somewhat faster curing than tire reclaim A and the non- 
reclaim control (formula I), the latter two being similar. Here again the tensile 
data indicate little difference. T-50 and free sulfur data are also shown in Figure 2. 
T-50 values for formula IV containing tire reclaim A are slightly lower than those 
of formula I, but are nearly parallel throughout the range of cure and ultimately 
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tend to converge. In this case the reduction in T-50 value is probably due to 
the presence of combined sulfur in the reclaim, since the free sulfur values are 
the same throughout the range of cures. Tire reclaim C, however, has much 
lower T-50 values for the early cures. This indicates a faster rate of cure, which 
is confirmed by the free sulfur data. Modulus data also tend to show this, but 
tensile data do not. 

A similar study was made of low-alkali tube reclaim D and high-alkali tube 
reclaim E in inner tube formula VI, with nonreclaim formula V as the control. 
The T-50 and free sulfur data are given in Figure 3. T-50 values for both reclaims 
are lower than for the control. The T-50 curve for tube reclaim D is similar 
to that of the control during the early cures, and the lower T-50 values are due 
chiefly to the combined sulfur of the reclaim, as the free sulfur values are reason- 


TABLE II 


Test ForMULAS 





Bare RG. <«a<seae sex I II Ill IV V VI VII 
TAO. Wacbcsuwewaww ee awe Tread Tread Tread Tread Inner Inner Inner 
tube tube tube 
Smoked sheet ........ 60.0 53.8 47.7 416 67.0 49.0 49.0 
Reclaimed rubber ..... — 10.0 20.0 30.0 — 32.5 32.5 
Zine oxide ........... 2.5 2.5 2.5 2.5 3.35 3.35 2.45 
Carbon black ........ 24.0 23.0 22.0 20.9 = = — 
TVOn GNIGE ..... 06.0060 — — — — 2.0 2.0 2.0 
WIDE on cesicawsices —- — — — 22.0 8.70 10.25 
CL SI RS pee eee ee 3.9 3.27 2.02 0.25 = — = 
Stearic acid .......... 2.0 2.0 2.0 2.0 20 2.0 15 
Medium-process oil ... — — -= — 1.0 — — 
COTA) dar 4.45 2.6 1.0 — — — — 
LD aR ee eee 0.6 0.6 06 0.6 — — — 
EES pica ewe weiatews 1.75 1.75 1.75 1.75 2.0 2.0 2.0 
Mercaptobenzothiazole 0.8 0.48 0.43 0.4 0.65 0.45 0.3 
MOOD ies as aGion eos 100.00 100.00 100.00 10000 100.00 100.00 100.00 
Rubber hydrocarbon 
(i. tal Ge. iso 0 60.00 59.70 59.50 59.30 67.00 66.60 66.60 
Siig, eae Ot 6a 2.92 2.93 2.94 2.95 2.98 3.00 3.00 
Accelerator/R. H.C... = 1.38 0.82 0.72 0.67 0.97 0.67 0.61 ° 
Zinc oxide/R. H. C.... 4.17 4.19 4.20 4.21 5.00 5.00 5.00” 


Stearic acid/R. H.C... 3.33 3.30 3.36 3.37 3.00 3.00 3.00° 


@ Ketonediarylamine condensate (antioxidant). 
> Based on new rubber only. 


ably close together. The values for T-50 as well as free sulfur attain a common 
value as cure progresses, as was the case with the tire reclaims in Figures 1 and 2. 
The still lower T-50 values for tube reclaim E during the early cures, as well as 
the somewhat steeper slope of the T-50 curve, indicate an increased curing rate, 
which is substantiated by the lower free sulfur figures obtained. In this case 
neither tensile nor modulus data in Figure 3 show any clean-cut differences in 
the rates of cure of these compounds. 

We have thus far discussed the effect of reclaimed rubber in accelerating the 
rate of cure of a compound and the use of the T-50 test as a method of measuring 
this effect. We have shown that it is possible to reduce the amount of accelerator 
of a compound when reclaimed rubber is introduced and still maintain an equiva- 
lent or faster rate of cure. However, it is possible to reduce the acceleration and 
activation of a reclaim compound to the point at which it is slower curing than 
its nonreclaim control. A study was made of such a compound. Tube reclaim D 
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was tested in formula VI (with normal acceleration and activation) and in formula 
VII (with reduced acceleration and activation), with nonreclaim formula V as 
control. T-50 and free sulfur data are shown in Figure 4. The T-50 values for 
formula VII at the start of the cure are lower than those of formula V, chiefly 
because of the combined sulfur in the reclaim, since the free sulfur values are 
the same. As the cure proceeds, the T-50 curve for formula VII has less slope 
than that of formula V and eventually crosses it. This indicates a slower rate 
of cure, which is confirmed by free sulfur data. Formula VI, however, cures at 
about the same rate as formula V, as free sulfur figures show, and its lower T-50 
values during the early cures are probably due to the combined sulfur in the 
reclaim itself. Tensile and modulus data are given in Figure 4, and again we 
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Fic. 3.—Effect of reclaims D and E on rubber properties. 


find that the distinct variation in curing rate between these compounds, as shown 
by T-50 and free sulfur tests, is not clearly evident in modulus or tensile tests. 
The chief difference between the reclaims used in these studies has been the 
amount of residual alkali they contain. Shepard, Palmer, and Miller’* showed 
that the residual alkali of reclaim is at least partly responsible for its faster rate 
of cure. Kilbourne and Miller? demonstrated that an increase in the alkali content 
of reclaim resulted in increased rate of cure. The conclusions of these investiga- 
tors were based on a consideration of stress-strain relations. It is not the purpose 
of this work to discuss the various factors that may be responsible for the in- 
creased rate of cure of reclaimed rubber. We have shown, however, that differ- 
ences in residual alkali of reclaimed rubbers will produce variations in rates of 
cure of compounds in which they are used, and that the T-50 test will distinguish 
these variations with somewhat more sensitivity than tensile and modulus tests. 
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We have also shown that the type of compounding can influence the rate of cure 
of a reclaim compound, and that the T-50 test can be used to measure the extent 
of this influence. 
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Fig. 4.—Effect of acceleration and activation on rubber properties. 


RECLAIM-SULFUR TEST 


Although some laboratories still use the reclaim-sulfur test, it is generally con- 
sidered unimportant as a means of evaluating reclaimed rubber. The term 
“reclaim-sulfur test”, as used throughout this paper, refers to a mix of 100 parts 
of reclaimed rubber and 5 parts of sulfur, cured 25 minutes at 141.7° C, unless 
otherwise specified. Palmer!®:1! showed that this test is accurate at best to 
only 10 per cent, and that the best results are not always a true criterion of 
the properties of a reclaim in the recipe in which it is to be used. 

To determine whether the T-50 test used on the reclaim-sulfur mix has any 
value, a series of ten mixes was made on one slab each of tire reclaim C and 
tube reclaim E for the purpose of comparing the reclaim-sulfur tensile with the 
T-50 values. These mixes exhibit typical variations in reclaim-sulfur tensile, with 
the results shown in Table III. For tire reclaim C, a maximum variation of 
13.4 kg. per sq. cm. in tensile strength was obtained, or 19.5 per cent of the 
average tensile, whereas the maximum variation in T-50 values observed was 
only 1.2° C or 7.1 per cent. [The per cent variation was calculated on the basis 
of a maximum possible T-50 variation of 16.8° C. This was obtained by sub- 
tracting the value of —20° C, reported by Coe? for raw reclaimed rubber, from 
the average value of —36.8° C obtained for all mixes in Table III. The per cent 
variation for tube reclaim E was similarly calculated on the basis of a maximum 
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possible T-50 variation of 25.9° C.] For gray tube reclaim EK, the maximum 
variation in tensile strength was 11.0 kg. per sq. em., or 12.0 per cent of the 
average, compared to a maximum variation of only 0.7° C, or 2.7 per cent in 
T-50 values. 

The uniformity in T-50 values from test to test seems to indicate that a com- 
mon state of sulfur combination is reached in each case, although free sulfur 
data could not be obtained because of the bloom on the slabs. This suggests that 
T-50 tests on the reclaim-sulfur mix might be more useful in measuring the uni- 
formity of reclaim than the tensile test, which does not appear to be of much 
value in this respect. It is probable, however, that the uniformity of T-50 results 
is caused, at least in part, by the flatness of the T-50 curve in this range of cures. 
This may be seen from Figure 5, where T-50 results vary only 2° to 2.5° C over 
a range of 20 minutes in cure for tire reclaims A and C. It is doubtful, therefore, 
whether T-50 tests on the reclaim-sulfur mix would be as informative as if they 
were run on a compound typical of that in which the reclaim was to be used. In 
any case, it is apparent that the extreme variations in reclaim-sulfur tensile tests 
are not caused by variations in chemical state of cure. 
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Fic. 5.—T-50 values for reclaim-sulfur mixes. 


A study was made to determine whether the rate of cure of reclaim could be 
evaluated from the reclaim-sulfur mix by means of the T-50 test, since tensile 
is of little value. Three mixes each were made of tire reclaims A and C, and slabs 
were cured 15, 25, and 35 minutes at 141.7° C from each mix. As Figure 2 shows, 
tire reclaim A exhibited slower curing properties when tested in formula IV than 
tire reclaim C. T-50 tests on the reclaim-sulfur mixes are shown in Figure 5, in 
which each point is the average of tests on the three mixes. Tire reclaim A has 
higher T-50 values than tire reclaim C, although the slope of its curve is not 
greatly different. Apparently tire reclaim C reaches an advanced state of com- 
bination with sulfur more quickly than tire reclaim A in the reclaim-sulfur test 
as well as in compound tests, although this could not be checked with free sulfur 
data because of the severe bloom on the slabs, as noted above. The T-50 test, 
therefore, will point cut to a limited extent the differences in rates of cure of 
reclaims when applied in the reclaim-sulfur mix. However, one cannot expect 
the results to be so useful as those made on the same reclaims in the recipes in 
which they will actually be used. In addition, the T-50 test on reclaim-sulfur 
strips is much more difficult to perform because of the great amount of sample 
breakage experienced. 
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CONCLUSIONS 


1. If reclaimed rubber is introduced into a rubber compound, the T-50 values 
for the early part of the cure are lowered. This lowering is due in part to the 
faster rate of cure of the compound containing reclaim, and probably in part 
to the influence of the combined sulfur present in the reclaim itself. This lower- 
ing of T-50 value manifests itself chiefly during the early cures, diminishes as 
the cure progresses, and finally disappears. 

2. The T-50 test should not be used to compare the relative states of cure of 
compounds containing different or unknown amounts of reclaimed rubber. 

3. The T-50 test can be used to determine the effect of reclaimed rubber on 
the rate of cure of a compound by comparing the slopes and positions of the T-50 
curves at various curing times; conclusions reached in this way can be sub- 
stantiated by free sulfur data. The T-50 test appears to be somewhat more sensi- 
tive for this purpose than tensile and modulus tests. 

4. T-50 tests on the reclaim-sulfur mix are more uniform than tensile strength 
tests, and indicate that variations in tensile strength are caused by factors other 
than variations in chemical state of cure. The T-50 test will, to a limited extent, 
distinguish differences in the rates of cure of reclaims in this mix. In general, 
however, the reclaim-sulfur mix is not so informative in the evaluation of re- 
claimed rubber as a test of the reclaim in a compound typical of the one in which 
it will be used. 

5. As a means of interpreting the rate of cure of rubber and reclaimed rubber 
compounds, the T-50 test possesses advantages of speed, simplicity, and accuracy, 
and is a valuable addition to the standard testing methods now in use. 
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ZINC OXIDE—A PRODUCT OF COMPLEX 
PHYSICAL AND CHEMICAL 
PROPERTIES * 


Haritan A. DEPEW 





AMERICAN ZINC SALES Co., CoLuMBusS, OlIO 


The most obvious difference in zine oxides is bulk. Many engineers not 
acquainted with the development of pigment zinc oxide in the past two decades 
are likely to rate bulk as of little significance, to believe that “zine oxide is 
zine oxide”, and to think that if the color is good, one zine oxide is as satisfae- 
tory as another. 

Figure 1 shows fifty-pound bags of two different zine oxides. Although the 
weights of the two bags of pigment are the same, the dry bulk of the zine 





Fig. 1.—-Comparison of the size of fifty-pound 
bags containing zine oxide of different characteris- 
tics. Note that the labels on the two bags are of 
the same size. 


oxide in the bag at the right is approximately twice (Table 1) that of the 
bulk of the pigment in the left-hand bag, although the chemical analysis is 
essentially the same. 

When zine oxide is packed, the bag is fitted over a sleeve carrying a screw 
that stirs the pigment and allows some air to escape. In some cases the heat 
of packing is so great that the bag chars and there are reports of the bag catch- 
ing on fire. 

In no case, however, are the particles closely packed. It will be noted from 
Table I that the percentage by volume of air or voids in the so-called dense 
packed material is 84 per cent. When spheres are packed in a cubic geometrical 


* Reprinted from the Paint, Oil and Chemical Review, Vol. 102, No. 17, August 15, 1940. 
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arrangement, the percentage of voids is around 50 per cent, and in the close- 
packed geometrical hexagonal packing, the percentage of voids is only about 
30 per cent. 

TABLE I 


To PACKER 


Bulky Dense 
zine zine 
oxide oxide 
Seat A AC ssn Skehs Sakon sae ee ese ewww erm 15 38 
Per cent OF DY VOLE. 66 6<<os0sdsucenscsuen cm 96 89.2 
IN THE PackeD Bac 
TEC ODOC Tet LESS ar a ene ea eee eee 30 57 
PG Mar TY MEME: © vicki cess ww ee alcwes pens 914 84.0 
Joliet Co) 2 Co. i | are a 1.67 0.87 


1 cu. ft. solid ZnO weighs 350 Ibs. 


For specific purposes where space is a factor, bulk is of direct importance. 
These cases are of relatively small importance from a tonnage viewpoint, however, 
and the real importance of bulk lies in the pigment properties that cause the 
difference in bulk. 


PARTICLE SHAPE 


The development of pigment zinc oxide has been due in no small part to 
increased application of the microscope. Consider the microscopical pictures 
(Figure 2) of the two zine oxides of different bulk shown in Figure 1. 





Dense Bulky 
Approximately } micron. Approximately } micron diameter. 


x 5-10 microns long. 


Fic. 2.—Micrographs (X1200) of zine oxide. 


It is obvious that the needle-shaped (acicular) particles will assume a straw 
stack structure, and that the bulk will be greater than for round particles such 
as the dense zinc oxide. 
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PARTICLE SIZE 


Zine oxides are made not only of definite shape but of definite particle size, 
ranging from relatively coarse to very fine. 

Very fine particle size zinc oxides tend to adhere to one another and to give 
the effect of a structure. A zinc oxide with a particle size of 0.1 micron (1/250,000 
inch) may be as bulky as the acicular zine oxide in Figure 1. On the other 
hand, zine oxide with a particular size of one micron will more nearly ap- 
proximate the density of theoretical packing. 

The commercial significance of the differences in the zine oxides shown in 
Figures 1 and 2 is demonstrated by making paints containing these zinc oxides 
and testing them for fluidity. 

Figure 3 shows this difference in fluidity, 100 cc. of paint containing the non- 
acicular zinc oxide was put into the glass graduate at the left, and an equal 
amount of the paint containing the acicular zinc oxide was placed in the other 
graduate. Loose fitting plungers were made by fitting metal disks on the end 
of a short piece of glass tubing. 

These plungers were simultaneously released and allowed to fall through 
the paints. The greater consistency of the paint at the right containing the 
acicular zinc oxide was shown by the slower rate of flow. It is evident that 
such differences in fluidity will be reflected in the application of the paint. 

The rubber industry, as well as the paint industry, uses zinc oxide in large 
tonnage. Figure 4 shows that acicular zine oxide increases the stiffness of rubber 
just as it reduces the fluidity of paint. It should be noted, however, that the 
needles can be oriented in rubber, due to its viscosity, and the methods of manu- 
facture may cause directional effects, whereas the needles in paint are ordinarily 
in random orientation. 

The zine oxides shown in Figure 2 are relatively uniformly sized, and they 
are free of colloidal fines. Figure 5 shows a micrograph of a fine particle size 
zine oxide, “C”’, that is not only finer but the size distribution is poor. 


DEVELOPMENT OF FALSE BODY 


The colloidal fines in zine oxide “C” react with the fat acids in raw linseed 
oil and develop a false body in paint, to such an extent that the consistency 
of paint containing this zine oxide will be the same as that containing acicular 
zinc oxide “B”. 

The paints containing these two zinc oxides (B and C), although stirring 
up the same in the can and looking similar, nevertheless give the consumer 
far different dollar values. 

A house painted with a mixed paint containing the round zine oxide with 
colloidal fines will look badly in a short time, due to checking, cracking, and 
sealing, whereas the paint containing the coarse acicular zine oxide! ?:* will 
remain in good condition. 

This difference is illustrated by the paint test fence panels shown in Figure 6, 
and this point has been demonstrated repeatedly by the author and others. 

Not only is the acicular zine oxide best as regards failures, but the appearance 
of tinted paints is better, due to less fading’. 

Another comparison of acicular and non-acicular colloidal zine oxide is given 
in Figure 7. The need for proper understanding of zine oxide by the paint 
manufacturer is evident. 

A paint containing round zine oxide particles free of colloidal fines may 
weather better than the slightly acicular type with colloidal fines shown in 
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After 51 seconds 


After 24 seconds 


At start of test 


acicular and non-acicular zine oxide (The paint at the right contains the acicular zine oxide). 
Demonstration courtesy of J. P. Mills. 


Mobility of paint containing 
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Unstretched strips of rubber Stretched with a force of After — stretching. Rubber 
1-7/8" x 3/82" x 0.115". 3.1 lbs. (287 Ibs. per sq. containing non-acicular zine 
in.). Rubber at left stretched oxide at left shows set of only 

883%. Rubber at right con- 4.2%, whereas acicular§ zine 

taining needle-shaped zinc oxide increased the set to 20%. 


oxide stretched only 321%. 


Fic. 4.—Effect of the shape of the zine oxide particle on the stretch and set of rubber containing it. 
Demonstration courtesy of M. K. Easley. 
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Fic. 5.—Micrograph of fine particle siz 





zine oxide; colloidal fines cause poor size 
distribution. 
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Figure 7. Because of the low consistency, this kind of zine oxide is used in 
considerable amounts where this property is of major importance. 

The reasons for the superiority of acicular zinc oxide’ in weathering have 
been published, and may be summarized as follows: 

(1) The stresses in a vehicle, such as that of a dry paint film, are intensi- 
fied around pigment particles, and become a maximum at the ends of needles. 


Non-acicular Acicular 





" i 
a, 
‘ fi 
‘ 
Fig. 6.—Comparison of the weathering of paints containing round zine oxides and colloidal fines 
with paints containing acicular zine oxides (Florida 45° south). Demonstration courtesy L. P. 
Larson. 


Note: Circles show enlargement (5x) of failures. Panels were rubbed regularly on upper right- 
hand side. 


Accordingly, innumerable microscopic failures occur at the ends of the needles, 
which relieve the strains and prevent visible cracks from forming. 

(2) The zine oxide needles orient in a random way and form a mat structure 
(Figure 8) which limits the growth of cracks. 

(3) Colloidal fines tend to orient along brush marks and form lines of uneven 
hardness, which cause long parallel cracks. The absence of these fines in acicular 
zine oxide reduces cracking beyond that accomplished by the aciculars alone. 
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Fic. 8.—Random orientation of acicular particles 
in a paint film. 


OPACITY 


The high hiding power of white pigments is related to particle size and shape. 
Colloidal fines, as well as coarse zine oxide particles, develop lowered hiding 
power. Accordingly, since hiding power is one of the reasons for using zinc oxide 
in paint, it follows that the particles should be uniform in size, and that this 
size should be at the optimum. There is some dispute as to this exact point, 
but it is in the neighborhood of 0.20-0.25 micron. 

Strange to say, the acicular white pigments develop higher hiding® than the 
rounds, and the reason is not clear. 


RUBBER 


Zine oxide is used in rubber compounds in amounts ordinarily running from 
5 per cent to above 100 per cent, calculated on the crude rubber. Solid tires 
contain up to more than 2 parts by weight of zine oxide to one of rubber, even 
though the volume cost of the zine oxide is much higher. 

In the smaller amounts, the zine oxide is used as a chemical ingredient to 
help produce the change in rubber known as vulcanization. For this chemical 
purpose, particle size and shape have little effect, and one pound of one zinc 
oxide has the same chemical value as one pound of another’. 

In large amounts zine oxide is used to stiffen the rubber and simultaneously 
to make a rubber of high resiliency, and one that can be used for building 
tires with good adhesion between the several parts of the tire. 

Here acicular zine oxides are undesirable because, under working, they become 
displaced and distort the rubber. (Note set in Figure 4.) 

Coarse particle size zine oxides incorporate best, but do not develop the 
best properties. In general, a uniformly-sized round particle of approximately 
0.20-0.25 micron is desirable. 

Mechanical rubber goods manufacturers sometimes use acicular zine oxide for 
products such as mats, which are not greatly flexed, to get extra stiffness. Fur- 
ther, the needles can be lined up in special manufacturing operations to get 
certain desirable directional effects. 


ACIDITY OF ZINC OXIDE 


Much of the zine oxide used in rubber is made from ore by the American 
process, and contains sulfur as zine sulfate. This imparts a definite acidity 
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to the rubber, which has certain advantages, some of which are not fully 
understood and are debatable. (Neutral zine oxide may incorporate better in 
internal mixers and may cause faster curing with some accelerators.) 

To understand the effect of acidity of zinc oxide in rubber, it is necessary to 
consider the chemistry of rubber itself. Commercial rubber’ consists largely of 
rubber hydrocarbon, but it contains approximately 1.5 per cent of fat acid 
and 3 per cent of protein, a small amount of antioxidant, and other compounds. 

If the rubber compound is alkaline’, the fat acid forms dispersing soaps 
that tend to disintegrate the rubber, and the protein forms harsh compounds 
that lower the resiliency. The harsh feel of a stock containing lime is typical. 

To sum up!’, some of the advantages of acidic zinc oxides in rubber compounds 
as the author sees them are: 

(1) Better factory handling, due to the absence of harsh protein compounds. 

(2) Better flexing and better resistance to high temperatures, due to absence 
of dispersing soaps. 


LEAD AND CADMIUM 


Lead in appreciable quantities in zine oxide is undesirable for the rubber 
industry, although a 35 per cent leaded zine oxide is finding high favor in the 
paint industry. In this case the lead is present partly as PbO and partly as 
PbSO, in the form of a basic lead sulfate. 

In the case of lead-free zinc oxide, the lead should be limited well below 
0.1 per cent, and this lead should be present as PbSO,, since this form is rela- 
tively insoluble except in alkaline stocks. 

Very small amounts of free PbO in zine oxide significantly discolor it for 
paint or for white rubber products, where it is converted to black PbS. Fur- 
ther, in rubber, PbO causes undesirable chemical reactions, prevulcanization 
during processing, and an embrittlement on aging. 

The role of cadmium in zine oxide is debatable. In most cases and in ordi- 
nary amounts its presence or absence as CdSO, is of little importance. 


PIGMENT SURFACE 


The pigment development of zinc oxide has been extended to the surface 
treatment of zinc oxide to give the pigment unusual properties. 

For example, a zine oxide surface is quite different from the vehicles in which 
it is ordinarily mixed. By exposing zine oxide to the vapors of stearic acid!? !%, 
a chemical reaction occurs and the zine oxide particle is coated with fatty 
acid, an organic material similar to the vehicles in which the zine oxide is 
used. Accordingly, in many cases, the rate of incorporation of the pigment in 
the vehicle, for instance, rubber, is improved, and the dispersion of the particles 
is improved. Commercial methods for this treatment have been worked out. 

Many other materials, such as phosphates, have been proposed for surface 
treatment, and recently there has been some interest in surface-treating a zinc 
oxide to render it non-reactive to paint vehicles, since these zinc compounds 
may have deleterious effects on paint film weathering, and since these zinc 
reaction products unduly thicken some enamels. On the other hand, these 
zinc compounds are helpful in giving desired properties such as hardness and 
mildew resistance to the paint. The extent that non-reactive, or rather, reduced 
reactivity, zine oxides will be used in uncertain. 
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The zine oxide manufacturer has not only made the needed zinc oxides but, 
unfortunately, has made a very large number of uneconomic zine oxides that 
differ little from one another and tend to confuse the very man they are sup- 
posed to help. 


STABILITY OF ZINC OXIDE 

In times past, the zine oxide producer has congratulated himself that at 
least his product is stable, and that he does not need to fear perishing as 
the food industry does. 

Actually the zine oxide producer has a product that is far from stable. He 
makes it with an acidity that the rubber manufacturer specifies, and by the 
time it is used, the acidity may be below the required amount. 

The chemistry of the aging has been worked out as follows. When the zinc 
oxide is first made, SO, is loosely adsorbed on the surface of the zine oxide 
particle. Then as time passes, the SO, reacts with the zine oxide to form 
zinc sulfate. Moisture from the atmosphere condenses on the surface of the 
zine oxide particles and, in its presence, a complex basic zine sulfate is formed. 
This basic zine sulfate is insoluble, and so, during the process of aging, both 
the acidity and the amount of water-soluble salts decrease. 

Fresh zine oxide, if not given a reheating process, incorporates poorly in 
rubber because of the adsorbed SO. gas. Accordingly, these zine oxides should 
be aged before shipment. There are some problems in the aging, however, in 
that the rate of change is much greater in the summer, when it is warm and 
damp, than in winter when it is cold and dry. Further, the rate is different 
in different sections of the country, as might be expected. 

An accelerated aging method!‘ has been developed, based on heat and moisture, 
but it has not proved commercially successful. 

Some special acidic zine oxides have picked up so much moisture in the 
chemically combined form that sacks, originally 50-pound, weighed over 55 
pounds after aging, and yet showed only 0.1-0.2 per cent moisture by analysis. 
Such a zine oxide is badly aggregated and contains hard lumps. 

Not only does zine oxide take up moisture, but it also adsorbs CO, from the 
atmosphere to form, with moisture and the zine oxide, a basic zine carbonate. 
A bag of French process zinc oxide that had been stored in a Seattle ware- 
house for a two-year test contained 6 per cent CO, and 5 per cent H,O (com- 
bined), and was lumpy and unsuitable for use. The zine oxide analyzed 89 
per cent ZnO by direct analysis, and the percentage of moisture was 0.1 per cent. 

The bag that originally weighed 50 pounds now weighed over 56 pounds. 
Another bag of zine oxide (American process in this case) that had been stored 
for four years in Columbus under less rigorous conditions was analyzed as fol- 
lows: moisture—0.16 per cent, combined H,O—1.5 per cent, and combined 
CO,—1.0 per cent. 

The rate of carbonation increases with time. It might be said to be auto- 
catalytic. In one example, the amount of the carbonation changed in time as 
follows: 6 months—0.2 per cent CO,, 1 year—0.5 per cent CO,, 2 years—2.0 
per cent CO,. 

It should be mentioned that the surface treatment of zine oxide with fatty 
acid renders it more moisture resistant, and therefore, it can be more stable. 
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METHODS OF MANUFACTURE 


The methods of concentrating zinc ore, roasting, and purifying, as by Waelzing, 
and sintering and reduction, have been thoroughly discussed by Hanley and 
otherst®: +6, 17, 

For the purpose of this discussion, it is sufficient to say that by evaporating 
zine metal, a stream of zine vapor can be obtained for making French process 
zinc oxide; by heating a mixture of oxidized zine ore and coal, a stream of 
hot reducing gas containing mainly nitrogen, carbon monoxide, carbon dioxide, 
and zine vapor can be obtained for making American process zine oxide. 

In general French process zine oxides are characterized by freedom from 
zine sulfate and American process by its presence. This is not an entirely safe 
guide, however, since sulfur gases have been added to French process zine 
oxide!® to sulfate the lead and cadmium and thereby improve the color. Also, 
American process zine oxides have been washed to remove water-soluble sulfur 
compounds’®, 

In any case, the method of oxidation of the zinc vapor largely determines 
the particle size and shape characteristics. 

When a considerable stream of zinc vapor is exposed to air, it ignites and 
burns with a large characteristic bluish yellow rolling and drifting flame, and 
if pure metal is used, it can produce a zinc oxide of the Seal type. 

The particles range from very fine to comparatively coarse. The yellow in the 
fiame is due to overheating some of the newly formed particles. When the is- 
suing zinc stream is blown with air?° (Figure 9) from an annular orifice, the 
flame that was several feet high becomes only a few inches high and has a 
pale blue color. The particles of zine oxide as made are blown out of the heated 
zone at once, and by this means a very fine or so-called colloidal zine oxide is 
made. 

On the other hand, consider diluted zinc vapor in a reducing gas as from 
an American process furnace entering a large combustion chamber in which air 
is introduced at low velocity, steadily or by puffing it in so that the two gases 
mix lazily24; the zine oxide particles come alternately in contact with zine 
vapor and air, and the particles build into the needle shape. The bulky zinc 
oxide of Figure 1 was made by this method. 

A pictorial representation of the process is shown in Figure 10, and the 
reasonableness of this explanation is shown by x-ray studies, which demonstrate 
that the zinc and oxygen atoms fall in alternate planes. 

When air is added rapidly under turbulent mixing conditions, round particles 
are formed. These particles, depending on the temperature and time at that 
temperature, become fairly large. To lower the temperature water sprays?* 
can be introduced in the combustion chamber. At the lowered temperatures, : 
particle size cf around 0.22 micron can be obtained, which is generally de- 
sirable for rubber. 


COOL ZINC OXIDE PARTICLES RAPIDLY 


In addition to airblowing the flame and the use of water sprays, the par- 
ticle size can be kept down by burning the zine vapor (preferably dilute) in 
small flames. In fact, any method by which the zine oxide particles are cooled 
very rapidly is satisfactory. 

Crude zine oxides, made by these processes, often contain variable amounts 
of sulfur, and may contain some colloidal fines. By reheating the zine oxide, 
the fines can be eliminated. If some reducing (organic) material?* is added 
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before reheating, much of the zine sulfate is reduced to sulfite (SO, to SO,), 
and the SO, is driven off. 

As an alternative to removing the excess sulfur, the acidity can be neutralized 
by spraying the hot zine oxide with sodium hydroxide*!. 

During reheating, the particles probably grow by two methods. First, the finer 
particles have a higher vapor pressure, and evaporate and condense on the 
larger particles. Secondly, the activity of molecules on the hot surface of zine 
oxide particles is high, and when fine particles strike large particles, they may 
fuse together. 

It has been known for a very long time that by reheating to, say, 700° C, 
a particle size is obtained that does not appreciably increase on further heating. 
If, however, very fine particle zine oxide is added, the larger particles grow 
and the added fines disappear. Accordingly, the way to make large particles of 
zinc oxide is continually to add very fine zine oxide while heating the coarser 
product. 

In the making of the pigment, as the zine oxide fume is conducted to the 
bag room from the combustion chamber, the temperature drops from as high 
as 1200-1400° C to 150-250° C. In the American process, sulfur gases are present, 
and there is equilibrium between the SO, and the SO,: 

280, + 0.22280, 


At high temperatures, the reaction is to the left, and at low temperatures the 
reaction is very slow to the right. At a temperature somewhere in the neigh- 
borhood of 575° C, the SO, converts rapidly to SO,. If at some temperature 
such as 650° C, air is blown or sucked into the trail under turbulent conditions 
in considerable quantity so as almost instantly to cool the fume to 400° C, 
little sulfate will form, and the total sulfur of the product can thereby be set 


at a desired figure, the excess SO, largely going off through the bag. 


WET PROCESSES 
There are many possibilities for preparing solutions of zine salts and for 
precipitating a pure zinc oxide, but since these processes are not commercially 
important, they are not discussed in this paper. 


CONCLUSION 


In the space available, it is obviously impossible to give more than an out- 
line of the differences in pigment zine oxide, of the significances of these differ- 
ences, and of some of the methods by which these differences can be controlled. 

It is hoped, however, that the reader will conclude that zine oxide is a 
product of complex physical and chemical properties, and that the manufac- 
turer is able to manufacture zinc oxide of special properties to fit normal and 
unusual requirements. 
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COTTON FIBERS 


CONSTITUTION, STRUCTURE, AND MECHANICAL 
PROPERTIES * 
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The study by chemical methods of the constitution, derivatives, and proper- 
ties of cellulose has yielded a voluminous literature and a wealth of useful in- 
formation. Microscopic and x-ray investigations have produced much new and 
valuable knowledge of cellulose and its structure. But relatively little attention 
is given to the mechanical properties of cellulosic fibers, although such properties 
reflect fiber structure and frequently determine suitability to specific applications. 
An exhaustive review of the relevant literature on cotton has not been undertaken 
in this paper; rather, the object is to summarize the available data on constitu- 
tion and properties and, wherever possible, to indicate their relations to the most 
probable fiber structure. In this way the material as a whole is integrated into a 
working concept of the cotton fiber. 


CONSTITUTION OF COTTON 


Raw cotton is composed principally of cellulose. It contains a higher propor- 
tion of this substance than does any other common plant product. Cellulose rep- 
resents about five-sixths by weight of air-dry cotton or about nine-tenths of the 
oven-dry weight. Hemicellulose and lignins, which are associated with cellulose 
in many plant materials, are not found in cotton or, at most, occur in small quanti- 
ties and are nonresistant to extraction. For this reason a few standard treat- 
ments suffice to remove the noncellulosic components with a minimum of degrada- 
tion of the fiber*. Purified cotton consisting of over 99 per cent of true cellu- 
lose is readily obtainable®. 


Gross ANALYSIS 


Complete, satisfactory analyses of raw cotton for its chemical components 
apparently do not exist. The data in Table I are indicative. 

The figures in the first column are undoubtedly incorrect. The known total 
of the noncellulosic components of raw cotton, excluding water, exceeds the very 
low value given (1 per cent) by several times. This analysis has been quoted 
widely and criticized adversely at least twice’ 47, but it appeared again in a 
recent book®*. 

The analysis represented by the second column accords more closely with es- 
tablished facts. It has been confirmed in part!® and is cited in the later editions 
of an authoritative source book on cotton**t. A systematic revision seems desira- 
ble, however, to make the data conform to present knowledge of components 
and to newer analytical methods. Specifically, the nitrogen-free extract group 
could be broken down considerably. For comparison, the third column of data* 
is quoted to show the lack of uniformity in the classification of components. The 
figure for fat and wax probably includes considerable nonfatty substances. 


* Reprinted from Industrial and Engineering Chemistry, Vol. 32, No. 11, pages 1454-1462, November 
940. 








274 RUBBER CHEMISTRY AND TECHNOLOGY 


The last column was compiled from various sources. Limits of variation of 
the components are given because the amount of each substance varies with the 
fineness and variety of the cotton*: **: 19°, as well as with seasonal factors and 
different producing areas* 1°, 

The greater part of the noncellulosic substances can be extracted from cotton 
by treatment for a few hours with hot sodium hydroxide solution under pressure 
at about 120° C (kier boiling). Subsequent rinses with water and dilute acid 
remove the excess alkali and lower the mineral content. An analysis of a cotton 
prepared in this way is given in Table IJ, together with data on “standard cotton 
cellulose”. Calculations based on Tables I and II indicate weight losses during 
the purification treatment of about 8 per cent (dry basis). This figure is con- 





TABLE I 
PROXIMATE PERCENTAGE ANALYSES OF AMERICAN Raw Corton 
Church and Miiller Dabney *° Raw Wannamaker’s Cleveland * 
Cellulose ......... 91.0 Cellulose ......... 83.71 Cellulose ...... 89.3 -90.5 
UE RE Cea eee (1) 1)" Fil eR eo 0.61 Fat and wax.... 40 - 4.1 
Ree nee oe CAS VS (ar Ae eee PRE (BOD: issvacnsess 10 - 1.1 
Protoplasm, ete. .. 0.53 N-free ext. ....... 5.79 Cuticular sub- 
pet. ae 1.50 stances ...... 0.69- 0.72 
Whtnr Seren recs 8.0 RW MIER 66 sa seis oa wie vex 6.74 Dry basis 
Selected Estimates from Various Sources 
COL ALLEGE SSC ReD ne nc ee RCDEne eee cna ee a 80-85 * 
Be NE WM as cans coediidenc en eerekeon ie 0.4-10° 
NE AEM IE SO eye eee re eI Et s"o™ 
USAC TS SS Ee, eer ae eee een e wee rear Ce ED, tite 
MMOH HIRINOING ooh oen baa ees ew eo'mee . ao 
Pigments, resins, other components......... a eee 


DY REN ee cas cake RE china mie awa Sale wis Ce alas 


Tas_e IT 


PROXIMATE PERCENTAGE ANALYSIS (Dry Basis) or CorroN AFTER PURIFICATION 


After a Good ‘Standard Cotton Cellulose” *, 
Kier Boil 2°? Wannamaker’s Cleveland @ 
ROI ARTERIES ng ci Sd gan or cane ed nc 99.1 -99.5 99.5-99.6 
RSTRNT Oe Sc sir ais's nic bib niemien & 0.5 - 0.1 Nil 
ERE re Eis ees eis ht od og a td 0.01- 0.15 Nil 
Mineral substances ... <<. .0<s00020000 0.05- 0.75 0.09 


“ The analysis of this cotton before purification is given in Table I, column 3. 


siderably higher than determinations reported by early investigators!?? but is in 
excellent agreement with more recent values of 7-S per cent‘! °*. The weight 
loss must be influenced somewhat by the amount of noncellulosic substances 
present in the raw fiber. 
WAX, FAT ACIDS 

The wax of cotton has been investigated in great detail. The efficacy of various 
solvents for its removal has been studied?* **, with the conclusion that no single 
organic solvent effects complete extraction. Carbon tetrachloride and benzene 
remove the wax and fat acids but leave the resin; hot chloroform appears to bring 
about the most complete separation?®. The crude wax has been separated into 
a number of components, principally montanyl and gossypyl alcohols*®. The 
remaining fraction of the wax consists of other higher alcohols, glycols, glycerides, 
and fat acids in small amounts?* 4°, 
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ASH 


The ash of raw cotton has been found to contain mainly sodium, potassium, 
calcium, and magnesium! 78, A spectrogram indicated the presence of twelve 
different metals®?. Some of the alkaline earths are probably combined with the 
pectates®® and some with fat acids**, but a considerable portion of the mineral 
substances is water soluble*® 1**, The early work on the ash content of raw cotton 
has been criticized on the ground that sand and other impurities influenced the 


results*6, 
PECTATE 


The pectic material in raw cotton occurs chiefly as the calcium and magnesium 
salts of pectic acid®® '°°, Pure pectic acid isolated from cotton®® is very similar 
in chemical properties to pectic acid from other plant sources®®. It has been sug- 
gested that in cotton, as in other plant tissues, the pectates exist largely in the 
primary wall*. The observation of decreasing calcium pectate numbers in grow- 
ing fibers and the variation of pectic acid with fiber fineness®* tend to confirm 
this view. 


PROTEIN 


The nitrogen of raw cotton appears to be associated primarily with a protein 
in the lumen, the hollow axial region of the fiber*?: §*. It has been shown that the 
nitrogen content of cotton varies with the variety, and falls between the limits 
0.2-0.4 per cent?°*. In Table I these limiting values have been converted to pro- 
tein with the usual factor. The suggestion that 25-35 per cent of the nitrogen is 
in the form of nitrates and nitrites®? has not been confirmed??. 


OTHER COMPONENTS 


Raw cotton appears to contain about 3 per cent of uncharacterized substances**. 
This amount is indicated by the difference of the weight lost during purification 
and the sum of the known components. Included in this group are yellow-brown 
pigments, resins, oxy- and hydrocelluloses‘7—formed, perhaps, before the cotton 
is harvested by the action of moisture, mineral substances, and sunlight*®—any 
hemicelluloses such as pentosans®’, and similar substances**. That a number of 
components are present is suggested by the varying quantities of extractables 
removed by different solvents*® 47. **, Four substances characterized by different 
x-ray diagrams have been isolated from young cotton fibers!. 


CELLULOSE 


In quantity and utility, true cellulose is by far the most important component 
of cotton. Cellulose is a condensation product of glucose and, by definition, con- 
sists only of this sugar’. By hydrolysis with strong sulfuric acid, glucose yields 
as high as 95-97 per cent have been obtained from purified cotton cellulose*®. 
Forty per cent hydrochloric acid serves this purpose also'°*. The residual 3-5 
per cent has been attributed to pseudo-cellulosic “cementing material” of pectic 
nature?®, but adequate proof of this idea has not been obtained®*: 9%, 14° 181, The 
weight of evidence indicates, rather, that pure cellulose consists essentially of 
anhydroglucose units. 

Of the glucose isomers, $-glucose (6-glucopyranose)*: °® occurs in cotton as 
well as in celluloses of different origin. It has been established that anhydroglucose 
units are linked together in cellulose to form long, unbranched chains. Much 
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basic information on the pyranose structure of glucose and on the probable nature 
of the cellobiose linkage has been summarized*: °°; accepted structural formulas 
are shown in Figure 1. 


OH 
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Ni / “OH 
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B-gluco-pyranose (8-giucose) Cellobiose 





Portion of a Cellulose Chain 


Fig. 1.—Structural formulas for f-glucose, cellobiose, and a short section of a cellulose chain, 


STRUCTURE OF COTTON 

Cotton fibers are single-celled outgrowths from parent epidermal cells on the 
seed coat* & 42, Fiber development can be differentiated into two fairly distinct 
stages: a period (25-30 days) of rapid elongation during which the hair attains 
its mature length and a period (25-30 days) of internal thickening during 
which the major part of the cellulose is laid down. The period of rapid elongation 
corresponds to the formation of the thin outside cuticle and primary wall of the 
fiber; thus the fiber attains its mature width or diameter as fast as it is formed. 

The second period corresponds to the formation of the secondary wall which 
consists primarily of cellulose. The original observations of this development 
were made on Egyptian cotton’ and have been confirmed for American cotton‘. 


Primary WALL 


The structure of the cuticle and primary wall of the mature fiber is not pre- 
cisely known. The cuticle consists of the wax‘: 7: °°, a large part of the pectic 
material*: °%, and some incrusting mineral matter. The rapid accumulation of 
these waxes and pectates during the period of cell elongation has been demon- 
strated by experiments**: °°, 

The primary wall of the fiber is an elastic skin® which is resistant to acids** 
and which has been called a modified cellulose or “cutin’*?. Evidence of the 
presence of cellulose in the primary wall, 7. e., in young fibers before secondary 
wall formation begins, has been obtained*: 14; 1°, but the identity of this cellulose 
with the cellulose of the secondary wall has not been established. The primary- 
wall cellulose appears to consist of tiny threads, transversely oriented‘. Its ab- 
normal behavior towards the usual solvents for cellulose®’? © suggests that its 
structure differs somewhat from that of secondary wall cellulose. This difference 
may be one of degree, like that observed in the case of flax fibers**. 
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SECONDARY FiBerR WALL 


The major part of the cellulose of cotton occurs in the secondary wall as layers 
or lamellae, which have been observed under the microscope in swollen cross- 
sections of the fiber’: 12) 48: 71, These lamellae have been called growth rings as- 
sociated with diurnal variations in the rate of cellulose deposition®: 71, but this has 
been doubted'*?; there may be as few as five lamellae in the whole wall'?. If for 
any reason, such as the death of the cell, the formation of these lamellae is arrested 
prematurely, thin-walled or dead fibers of low strength'*, anomalous dyeing prop- 
erties®’, and a tendency to produce neps?* may result. Thin-walled fibers are 
brightly colored in polarized light. A recent study yielded the generalizations 
that cotton fibers vary widely in outside diameter, that outside diameter seems 
to be a function of variety, and that the state of maturity determines the amount 
of internal thickening!"". 


FIBRILS 


The secondary fiber wall consists of many tiny threads, called “fibrils”, laid side 
by side to form ring-shaped lamellae. The fibrils constituting each lamella do 
not lie parallel to the central axis of the fiber, but follow a helical course, screw 
fashion, around the lumen. Some lamellae appear to spiral in one direction, others 
in the reverse direction. Under the microscope, striations arising from this criss- 
cross organization of fibrils have been observed by many investigators®: 3° 4%, 48, 
particularly when the fiber is swollen. The earlier suggestion® that the fibrils of 
a lamella may abruptly change direction and adopt the reverse spiral path was 
confirmed!. 

The size of these fibrils has not been established with any certainty. Various 
estimates of diameter ranging from a probable value of lu down to 0.25u have 
been discussed in some detail’: 1*. They are extremely long in comparison with 
their widths, but experimental difficulties have precluded any precise determina- 
tions of fibril length. 

The structure of fibrils, like that of fibers, probably involves two distinct regions, 
surface and internal. Since fibrils appear, under the microscope, to be discrete 
entities, it seems likely that their surfaces oppose the cohesion which would 
result in fusion into an undifferentiated mass. The evidence which indicates sur- 
face discontinuities is as follows: (a) swelling produces a clearer delineation of 
fibrils and, consequently, must affect the internal and external regions of the 
fibril differenti: illy?2; (b) fibrils can be caused to separate from young fibers by 
mechanical treatment, such as by pressing*®: *°, and from mature fibers by the 
action of the papermakers beater’, (c) carefully ashed cellulosic fibers retain a 
skeletal structure, which suggests that mineral substances are distributed through- 
out the tissue®*; (d) a substance, probably pectate, has been demonstrated on 
fibril surfaces with ruthenium red stain**; and (e) microscopic measurements indi- 
cate a layer about 0.2u thick separating the lamellae’. 

The internal structure of fibrils is essentially the structure of native cellulose 
and, as such, is far from being settled. In a hypothesis developed largely from 
microscopic evidence, the fibril is regarded as a chain of visible ellipsoidal “parti- 
cles” closely appressed, end to end#*: 4°, To the particle has been attributed 
dimensions of 1.5 1.1u48 and an apparent density of 1.5°°. The particle is said 
to retain its identity when cotton is dispersed in cuprammonium hydroxide 
reagents, and to pass intact through the various processes of viscose manufac- 
ture**, This concept has been so severely criticized that it must be regarded as 
inadequate in its present form*: ®: 6, 73, 96, 128, 130, 
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Hypotheses of fibril structure which are more compatible with the chemical 
and physical properties have been suggested. The anhydroglucose units are con- 
sidered to be linked together through oxygen bridges to form long-chain poly- 
mers®: ®°: 59113. The most reliable estimates of length for these macromolecules 
indicate about 3000 glucose units per chain in native cellulose, corresponding to 
a molecular weight of roughly 500,000 for the polymer®?: 7%. 74, 9.115, Since the 
chains are probably nonuniform in length** °°, such estimates must be regarded 
as average values for the component chains. From this original chain length, frag- 
mentation to shorter chains tends to occur during such processes as kier boiling, 
bleaching, and acid washing*®: 2: 73. 9°, 

The glucose chains of cotton cellulose appear to be grouped into submicroscopic 
bundles or crystallites. The term “crystallites” is applied to dense, discon- 
tinuous'!®, crystalline areas in the cellulose. The crystalline unit has been visual- 
ized as a bundle, 600 A. long and 50 A. wide, consisting of sixty closely packed, 
parallel glucose chains each about 120 units long®!: 86. The latter structure was 
deduced from chemical and x-ray data, but since the chains are probably longer 
than 100-200 glucose units®®, the latter figures may be taken to represent ap- 
parent rather than true chain lengths®**. More recent estimates based on a new 
technique have placed crystallite lengths at about 1000 A.*°. 

Since the crystallites or crystalline areas in cellulose are discontinuous, the non- 
crystalline or amorphous areas must play an important role in fibril and fiber 
structures. The nature of the amorphous areas has been indicated in the suggestion 
that the crystallites are composed of many chains, both long and short, with the 
longer chains shared by adjoining crystallites®:'°, A somewhat similar concept 
involves fringe glucose chains which interlink the crystallites*®. Finally, it has 
been proposed that the crystallites are formed by the free rotation of glucose units 
around their oxygen bridges; crystalline areas result when portions of a group 
of adjacent chains coalesce in a preferred arrangement. The divergence of 
chains between such crystalline regions produces amorphous regions; in conse- 
quence cellulose has a network structure and gives a discontinuous crystalline 
pattern®* 55, 75, 76, 

For the present, a plausible assumption seems to be that the anhydroglucose 
units are held together in chains by primary valence forces®: 5°. 113, The interrela- 
tion of these chains in cellulose takes two forms, an associative which results 
in the formation of crystallites and a nonassociative which corresponds to the 
intercrystalline regions. If the data for average chain length in cotton cellulose 
(3000 units) and for average crystallite length (100-250 units) are accepted, it 
appears that the same chain may participate in several crystallites and thus supply 
a primary valence chain interlinkage. The forces which act between chains and, 
in the extreme case, yield the crystallites are of secondary valence nature?®. 

The scattering of x-ray radiations by cotton has provided a valuable means of 
studying its structure. Intact fibers do not give a powder diagram of the type 
which characterizes fine, nonoriented crystals. The random arrangement of crystal 
planes in the powdered crystal causes diffraction to occur uniformly in all di- 
rections, with the result that circular patterns are generated. In the case of intact 
cotton fibers, the diffracted part of the pencil of x-rays falls only on short ares 
of each angular dispersion circle?® 1°®, This indicates that the crystallites are 
highly oriented in a direction parallel to the fiber axis®'. 

The angle subtended by these ares corresponds almost identically to the angle 
formed at the intersection of alternately spiraling fibrils in the fiber#® 1°8, In 
other words, the degree of crystallite orientation in the fibril itself is very high. 
Crystallite orientation, estimated from the lengths of ares on x-ray diagrams, is 
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directly related to fiber strength'!:1''; this orientation pattern is enhanced if 
fibers are wetted, pulled, and dried in a stretched condition!®* or mercerized with 
tension®®. Nevertheless, the general usefulness of x-rays as a means of estimating 
fiber strengths is limited. The x-ray pattern is altered by some components, such 
as wax, which do not influence fiber strengths, but it does not indicate some types 
of degradation (tendering) which decrease fiber strengths substantially**. This 
finding suggests the structural importance of the easily altered intercrystalline 
areas. 

Evidence from viscosity measurements!!* indicates that dilute acids which do 
not cause crystallites to swell are capable of producing only a slow hydrolysis when 
chain lengths have been reduced to 150-200 glucose units. These results appear 

















After 2 hours. After 3.5 hours. 
Cotton fibers in polarized light (1100) after being swollen with dilute cuprammonium hydroxide. 


The fibril structure is quite apparent. 


to support the idea that the intererystalline glucose chains break down easily and 
that the erystallites (150-200 units long) are more resistant by virtue of their 
higher density. 


PROPERTIES OF SINGLE COTTON FIBERS 


Qualitatively, cottons are much alike, but it is generally recognized that there 
are wide quantitative variations among fibers of the same and of different types. 
For example, within the same sample fiber lengths are approximately normally 
(distributed; among samples of different types of cotton, average staple lengths can 
vary from 0.5 inch for the very short varieties up to 2.5 inches®: '° for the very 
long. 

The fineness of fibers, as measured by the hair weight per unit length, is de- 
termined by wall thickness, which generally diminishes as staple length increases. 
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Thus, the very long fibers are usually very fine, while cotton linters are relatively 
coarse. Wall thicknesses for different types of cotton range from 0.35 to 15.52%: 68; 
fiber diameters vary from 11.9 to 20.3u"* °*. Cotton distinguishes itself among 
plant cells in being from 1200-4000 times as long as it is thick* 4°. 

The most common varieties of raw cotton have a normal cream color, which 
originates in pigments and residual nitrogenous substances of the lumen** *4. The 
unswollen, mature fiber is roughly bean-shaped in cross-section!®?. The luster of 
cottons is attributed to the polish on the fiber surfaces*? and to the roundness of 
the fibers?. Cotton cellulose fluoresces in ultraviolet light®®. Optically, cotton 
is doubly refracting; its two indices of refraction consist of a transverse of 1.53 
and an axial of 1.58. 

Under a low-power microscope, single cotton fibers have the appearance of flat 
ribbons with from 20 to 100 half-convolutions per em.'. The convolutions have 
been explained by spiral inequalities among the fibrils**, by the ratio of fiber width 
to wall thickness*°, and by irregularities in the crystallite structure???. 


BREAKING STRENGTH 


The breaking loads for single cotton fibers are variable and not closely correlated 
with fiber diameter or number of convolutions but, within the same variety, are 
associated with wall thickness??. The average breaking load per fiber is about 
5.5 grams'® 22 for a number of varieties, even though cross-sectional areas vary 
from about 120 to 270u*. These data correspond to tensile strengths of about 
60,000 pounds per square inch for fibers of the finer varieties and of 30,000 pounds 
for the coarser2?. The modified Chandler method of determining the effective 
strength of parallel fibers in a closely wrapped bundle’® yields estimates ranging 
upward from 60,000 pounds per square inch for various cottons. 

Flaws in the fiber probably lower its strength; repeated breaking of the same 
fiber shows that the loads required for the second and third breaks are often 
double or treble the initial ones'®. 

The proportionately higher breaking strengths of fine cottons are ascribed 
to a skin effect which becomes less pronounced as wall thickness or harshness in- 
creases”: 28, The phenomenon was described as follows®*: “It is generally known 
that thin filaments are proportionately stronger than thick ones, the surface layer 
than internal layers. ... . The strength of the cotton hair may be regarded as 
due to two elements, an outer relatively more elastic and constant with a vary- 
ing amount of internal thickening of more imperfect elasticity.”” The transversely 
oriented cellulose threads of the outer or primary cell wall* would have such elastic 
properties. 

The time factor in fiber testing was investigated and found to be important*?. 
The breaking load increases with the rate of loading, reaches a maximum, and then 
becomes independent of loading rate. In other words, the longer the time fibers 
are given to yield, the lower is their resistance at rupture. 

Fiber strengths increase with rising relative humidity and reach limiting values 
at about 60 per cent relative humidity’® *'. It is claimed that a further strength 
increase of 20 per cent is obtained if the fibers are immersed in water®*. The higher 
strength of fibers containing moisture is attributed to a more uniform distribu- 
tion of loads over the cross-section?® 1°°. 

The loss of strength of cotton as a result of the action of acids, alkali, salts, 
microorganisms, or ultraviolet light (tendering) might be explained by the splitting 
of connective chains between crystallites. Since the x-ray pattern does not change 
notably in consequence of tendering*’, it would appear that chains in the loose, 
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permeable intercrystalline or amorphous areas are more vulnerable to attack than 
the dense, coherent crystallites. The destruction of essential, primary valence 
bonds between crystallites would account for tendering effects. Strength falls 
with decreasing chain lengths"!8, 


Exvastic ProprertiEs OF Cotron FIBers 


The elastic properties of matter are most frequently represented in terms of 
stress, the force per unit area tending to produce a deformation, and of strain, 
the resulting deformation. Changes of Jength and of volume, and shears or twists 
produced by applied stresses, are all included in the elastic properties. The stress- 
strain relations for cotton were in part differentiated’? as follows: 

1. “Elastic” strains are proportional to the stress which produces them, are 
independent of time or past history of the material, and disappear with the stress. 

2. “Epibolic” strains increase with time at a decreasing rate, attain a final 
equilibrium, and eventually disappear or decrease gradually to a small value after 
removal of the stress. This type of strain produces the so-called “elastic after- 
effect”? or manifests itself in the time decrease in the torsional couple of threads 
under moderate twist. 

3. “Ductile” strains are characterized by a semiviscous flow proceeding indefi- 
nitely with time, are irreversible, and lead eventually to attenuation and rupture. 

In a material such as cotton, these three types of strain are appreciable, the 
proportion of each in a given strain depending on the manner in which the strain 
was produced. 


ELAsTICITY 


The extension of single cotton fibers at rupture is about 8 per cent! 16, but their 
elasticity is imperfect!? 8; that is, they fail to regain their initial lengths when 
the stress causing the extension is removed. This effect was demonstrated clearly*® 
in a study of the relation between time and stress-strain. The rate of extension of 
single cotton fibers in water gradually slowed down during the first 30-150 minutes, 
and a pseudo-equilibrium condition was reached. In explanation the suggestion 
was made that the stress first causes a slow collapse of the fibers, the fibrils be- 
come closer packed, and the free space between them disappears. When this 
occurs, the effective cohesion or friction between fibrils increases rapidly. After 
attaining the pseudo-equilibrium condition, fibers become more truly elastic, 
but continue to show a slow extension until a true equilibrium condition, corre- 
sponding to equality between applied stress and opposing frictional forces, is 
established 5000 to 10,000 minutes later. Upon release of the stress, elastic re- 
covery of fibers is much more uniform than the initial extension. The recoverable 
part of the elongation probably represents the elastic extension of fibrils; the non- 
recoverable or permanent stretch part of the elongation represents the straighten- 
ing and denser packing of fibrils. Similar results were obtained in a more recent 
study!?°, 

The example just discussed indicates that determinations of a Young’s modulus 
(elastic modulus) for cotton fibers have little meaning unless the history of the 
sample is known exactly. A Young’s modulus is defined as the ratio of stretching 
stress per unit cross-sectional area to the elongation per unit length produced. 
The stress-strain ratios of fibers at the break yield Young’s moduli varying from 
2 to 8x 10! dynes per sq. cm.1?» 16; during recovery from an impressed stress 
the Young’s modulus is only about one-third of this value as a result of the 
permanent stretch". 
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The stress-strain curve for single fibers is roughly a straight line when the 
moisture content is low!® 11°, The essentially linear character of this relation 
was recognized in the statement that Hooke’s law holds for single cotton fibers, 
i. e., that the elongation is directly proportional to the load®®. 

Moisture has a singular effect on the strength and extension of cotton fibers. 
A careful study of breaking loads and stress-strain phenomena!® at different rela- 
tive humidities yielded the following results: average fiber elongation at the 
breaking point rises continuously from about 5.3 per cent at 10 per cent relative 
humidity to about 9.5 per cent at 100 per cent relative humidity; the breaking 
load increases as the relative humidity is raised to 60 per cent, at which it reaches 
a constant value and becomes independent of humidity. With fiber elongations 
as ordinates, the load-elongation curves are convex upward; the higher the rela- 
tive humidity, the greater is the convexity. The steeper initial slopes of these 
curves are attributed to the straightening of fibrils, the lesser final slopes, to the 
true stretching (about 3 per cent) of fibrils. Increasing amounts of absorbed 
moisture progressively reduce the cohesion between fibrils, and permit them to 
straighten more and more. In dry, highly cohesive fibers this effect is inap- 
preciable; the elongation is largely accounted for by true fibril extension. The 
increase of fiber strength with relative humidity is explained by the more uniform 
distribution of stresses; the fibrils are equalized by the straightening and stretch- 
ing actions. This effect is appreciable only when relative humidity is greater than 
50 per cent!”°. 

This concept appears to be in good agreement with the x-ray evidence of in- 
creased orientation resulting from wetting and pulling fibers, 7. e., fibril straighten- 
ing!’8; with the work on stress-strain equilibrium®® discussed above; and with 
the observation that convolutions, originating in spiral inequalities of the fiber, 
are pulled out by tensions or removed by prolonged aqueous swelling?®. 

The elastic properties of cellulose were explained on the assumption of long, 
primary valence chains*°: §7. 


RIGIDITY 


The modulus of rigidity or the shear modulus of a material is the ratio of the 
tangential or torsional force per unit area to the angle of shear or twist it pro- 
duces. In the case of a single cotton fiber, a torsional force must create a direct 
tensile pull on the fibrils which spiral in the direction of the force, and a com- 
pressing or straightening action on the reverse fibrils. It follows that, where the 
angles of the fibrils to the central fiber axis are large and when the number of 
fibril lamellae increases, as in short-staple thick-walled fibers, large torsional forces 
would be required to produce a displacement. In cotton spinning and twisting 
operations this rigid behavior is extremely important. 

The mean rigidities of cotton were found®* to vary from 0.010 to 0.111 dyne 
per sq. em. for a large number of different varieties. Correlations between rigidity 
and other fiber characteristics indicate that rigidity varies with the shape, condi- 
tions of growth, and largely with the wall thickness of fibers. The high rigidity 
of thick-walled fibers suggests why coarse cottons must be more highly twisted 
than fine cottons to produce yarns of the same gage. Temperature and humidity 
have pronounced influences on rigidity'’® or stiffness to bending®: 2!; at room 
temperature the rigidity of a cotton fiber is six times as great in dry air as it is 
in a water-saturated atmosphere; at constant moisture regain, rigidity decreases 
as temperature increases!°’. 

The rigidity of cotton, especially its variation with moisture, can be explained 
in part by the cohesion of fibrils as outlined in the previous section. The origin of 
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rigidity in each separate fibril is less well defined. It would appear that the erys- 
talline portion of the fibrils, 7. e., the crystallites, would be relatively nonde- 
formable in consequence of intercrystalline forces; in fact, maximum fibril exten- 
sion probably does not exceed 3 per cent!®. The spiraling paths of these inex- 
tensible elements bring them into direct opposition to torsional stresses or twists 
applied to the fiber. Thus, molecular forces represented by primary valence bonds 
act against the torque and tend to return the fiber to its original shape when the 
stress is removed. Such twisting forces are of the nature of shears, since they 
involve changes in shape without corresponding changes in volume. 

















Unswollen cotton fibers mounted in glycerol and photographed in 
polarized light (x 254). 


The irregular spiral convolutions are plainly shown. 


PLASTICITY 


In contrast to the rigid, the plastic properties measure the tendency of materials 
to be deformed permanently by stresses, 7. e., to act like highly viscous liquids. 
Extremely plastic substances are characterized by random orientation of com- 
ponent molecules or molecular aggregates or by low cohesion between them; in 
such cases when the stress is removed the restoring forces are too weak to return 
the structure to its original condition. In a qualitative sense, rigidity and 
plasticity are complementary properties. 

The plasticity of cotton was investigated in freshly twisted yarn®®. The untwist- 
ing or restoring forces in the yarn were found to decrease with time according to 
a logarithmic function. This decay of torsional restoring forces indicated plastic 
changes, i. e., the substitution of epibolic or ductile strains for the purely elastic. 
In other words, the setting of yarn twist results from a plastic decay of elastic 
couples generated in the fiber by the twist; most of this change takes place in 
one day. The original restoring forces never vanish completely, but diminish to 








284 RUBBER CHEMISTRY AND TECHNOLOGY 


residual values which vary with the amount of twist introduced. The decay is 
most rapid and complete in highly twisted yarns; loose or soft yarns retain a 
higher proportion of elastic couples. A logarithmic extension function of the type 
possibly involved in the setting of twist has been observed for single fibers'?°. 

Cotton fibers show a great increase in plasticity under humid heat?® %. In 
fact, processes included under the term “schreinering” are defined?® as those which 
depend on the increase in plasticity of cotton fibers as they swell in water vapor 
at elevated temperatures. 

The plasticity of fibers may involve not only the porosity of the fiber struc- 
ture and the movement or displacement of fibrils under the stress, but other fac- 
tors also. It has been shown that strains disappear when fibers are soaked in 
water?’ 32,128; consequently, much of the plastic decay effect may in reality be 
only semipermanent. Cotton fibers have been considered practically non- 
plastic®*: 11°, The observed plastic behavior of cotton may eventually be traced 
to the influence of the less rigid, noncrystalline glucose chains which link the 
crystallites. 


VoLuME CHANGES 


Volume changes or swelling effects are elastic properties in the sense that swell- 
ing is opposed by a set of forces which tend to return the structure to its initial 
condition when the reagent or stress is removed. If a solid material has an en- 
tirely rigid structure such that a change of shape does not involve a corresponding 
change in volume, the strain produced is a pure shear. As the material becomes 
looser in texture or less coherent—for example, under the influence of a swelling 
agent—the amount of shear accompanying a deformation decreases in proportion 
and plasticity increases. 

Cotton fiber swelling is a volume change of which two types are recognized— 
inter- and intramicellar swelling. The essential difference of these types from each 
other was demonstrated nearly two decades ago in an x-ray study®’. The patterns 
for cellulose and for hydrated cellulose were identical and indicated that water 
did not penetrate the crystallites and alter their planar characteristics. Swelling 
with sodium hydroxide did change the x-ray pattern, which, however, reverted to 
that of cellulose when the alkali was washed out. Sodium hydroxide caused 
a swelling of, and probably a change in, the crystallites. The latter type of change 
may be of the nature of compound formation in the case of the quaternary am- 
monium hydroxides!!?. 

If the structure of cellulose is represented correctly by crystallites linked to- 
gether with primary valence chains, it is reasonable to suppose that aqueous 
swelling involves the loose, connecting network and only the outside surfaces of 
the crystallites. This would be an example of limited'!® or intermicellar swelling. 
It would explain the observation®® that in electrical conductivity “the conducting 
water paths. . . . consist, in effect, of elementary filaments which have alternately 
expanded and constricted sections along their length”. The constricted sections 
would then correspond to the crystallites. 

There seems to be little reason to doubt that some of the absorbed water is 
associated with residual valences of the hydroxyl groups in cellulose. This was 
demonstrated directly for cotton’**: 12° and indirectly by the fact that substituents 
such as acetyl groups lower the affinity of cellulose for water’? 1%°, The remain- 
der of the water, except that absorbed on fibril surfaces, may be associated 
mechanically with the intercrystalline regions. Cotton acts like an elastic gel; the 
removal of water causes the crystallites to shrink together!*®. A two-phase theory 
of water absorption was advanced?s. 
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Intramicellar swelling appears to involve both the effects just discussed and the 
internal parts of the crystallites also. In unlimited swelling''®, the extreme cases 
of intramicellar swelling, the cellulose structure disintegrates more or less com- 
pletely, and the glucose chains become dispersed as separate entities’ 116 124, 
This is the assumption on which methods of estimating chain length or degree of 
polymerization from viscosity are based®!: *%- 116, The sequence of events in the 
latter type of swelling seems to be (a) penetration of the crystallites by the swell- 
ing agents and, as a result, a lowering of the chain-chain cohesion®®, and (6b) dis- 
persion if conditions are suitable. Limited swelling can be effected with intra- 
micellar swelling agents under the proper conditions. 

Both of these types of swelling increase the plasticity of cotton. With inter- 
micellar swelling, as produced by water, fibrils become less coherent (as discussed 
above), and the intercrystalline glucose chains become more elastic!?®. When 
the crystallites themselves are swollen with such agents as strong sodium hydrox- 
ide, cuprammonium hydroxide, and the quaternary ammonium bases, fragmenta- 
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Fic. 2.—Schematie diagram of a mechanical model for cellulosic fibers. 


The behavior of such a spring and dashpot system simulates the behavior of the cotton and rayon. 


tion to smaller crystalline units may occur*® in consequence of the lessened co- 
hesional forces. The latter effects are turned to advantage in mercerization 
processes. 

Among the intermicellar swelling agents for cotton, formamide is better than 
water, but water is more effective than the aliphatic alcohols, whose swelling 
power decreases as chain length increases*‘. The intramicellar swelling agents 
include, in addition to those already mentioned, strong calcium thiocyanate and 
zine chloride solutions, and sulfuric, phosphoric, and hydrochloric acids in the 
proper concentrations??. 

Swelling in water increases the diameter of cotton fibers about 20 per cent from 
the bone-dry diameter, while the length changes only 1 to 2 per cent*! **, This 
represents a volume increase of about 40 per cent. The larger apparent increase 
in length of swelling fibers is accounted for by the loss of convolutions®*, The 
fiber diameter increases about 45 per cent under mercerizing conditions*®*. The 
small true increase in fiber length as a result of aqueous swelling suggests that 
fiber extension is opposed by the primary valence chains during the process; 7. e., 
only lateral swelling can occur. The fiber tends to shorten during the swelling 
with mercerizing caustic, 7. e., an increase of diameter at the expense of length. 
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The swelling of raw cotton in water and other mild swelling agents is said to 
be inhibited to a considerable extent by the cuticle of the fiber'®: 2%: 88.182. The 
fiber apparently cannot swell beyond the maximum diameter it had as a living, 
unshrunken cell in the green boll'’. In the case of strong swelling agents this outer 
restricting membrane bursts, and the fiber contents escape into the solution*?. 
Except for any influence the pectates might play in this behavior, the effects 
‘an be explained in terms of the transversely oriented cellulose threads‘ of the 
primary wall. If these threads are similar in properties to cellulose of the secon- 
dary wall, then they swell only laterally and do not tend to increase the perimeter 
of the fiber. They limit fiber swelling, therefore, until the internal pressure rup- 
tures them. 

The true specific volume of intact cotton fibers in water does not vary ap- 
preciably from 0.640 over the temperature range 15-80° C*. However, the water 
adsorbed per gram of cotton and, consequently, the swelling vary considerably 
and exhibit a minimum at about 50° C. The apparent specific volume of fibers 
in water varies from 0.619 at 0° to 0.628 at 80° C*'. Below the saturation point 
cotton holds water with 17 per cent greater force than water holds water" ?!. 

Estimates of apparent density of cotton fibers indicate that the walls are spongy 
or porous. Exact data are difficult to obtain experimentally’, but rough values 
for pore space ranging from 32 to 41 per cent of the fiber volume have been 
reported?’; fine cottons are somewhat less porous than the thick-walled types. 


Erastic AFTEREFFECTS 

The plasticity of cotton fibers is determined by the amount of swelling, the 
magnitude and duration of the stress, and the temperature. These four inde- 
pendent variables permit the possible deformations to fluctuate between wide 
limits, from easily produced, highly stable ones down to none at all. 

Mercerization with strong sodium hydroxide or with cuprammonium hydroxide 
is a process in which great swelling and relatively small stress are combined to 
give permanent plastic deformations. Conversely, cotton fibers at the minimum 
condition of swelling—that is, bone-dry—are practically nonplastic with loads up 
to their breaking stresses (as discussed above). In bone-dry unswollen fibers the 
cohesional forces are at a maximum, and the intercrystalline connecting chains are 
in their most stable state. 

The magnitude of the deforming stress must influence the plastic behavior; 
when fibers are swollen less and less, stresses must be increased to overcome the 
greater and greater cohesional forces. That the time the deforming stress acts 
is important also has been shown indirectly in the discussion of (a) the constant 
stress elongation of fibers, (b) the slow loading and attenuation of fibers, and (c) 
the plastic decay of elastic couples. In the latter case, the magnitude of the stress 
played a part also, because decay was most rapid and complete in highly twisted 
yarns. 

Temperature may have two functions in the plasticity: it may determine the 
amount of swelling a liquid can produce, and it may set the effective lability of 
the intercrystalline glucose chains and regulate kinetic activity in the system?*°. 

Semipermanent deformations apparently can be induced in fibers by the proper 
combination of these factors. For example, fibers wetted, stretched, and dried in 
an elongated state shrink nearly to their initial lengths on immersion in water 
without tension*?. Similarly, soaking in water causes the strains in fibers to disap- 
pear completely?s. This behavior is analogous to the elastic aftereffect in rubber, 
which, after a deformation, exhibits a slow recovery of a portion of the displace- 
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ment. In cotton the recovery is fairly rapid, but only when water is present. 
While the large pore space” of fibers may allow a certain amount of permanent 
deformation, this recovery effect might be traced to an elastic relaxation phe- 
nomenon®*, The slow semiplastic changes produced in air-dry fibers under pro- 
longed stresses (setting of yarn twist) and the more rapid changes accomplished 
by wetting, stretching, and drying are opposed by large cohesional forces and 
primary valence bonds. These forces bring about recovery when the fiber is 
wetted and cohesion is lowered. 

Mechanical models consisting of springs and dashpots coupled in various ways 
have been suggested as means for relating stress-strain phenomena and elastic 
aftereffects to structure®*, The springs are analogous to elastic structural units, 
the dashpots to viscous substances. The model (Figure 2) used for rayon is a 
spring and dashpot coupled in parallel®*. Cotton fiber structure might be visual- 
ized in terms of a similar model, but the more complex fiber organization would 
complicate such a representation. 
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